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INTRODUCTION

It is truly breathtaking that within a period of 5 years a
longstanding “truth” about one of the major life forms of the
planet has been overturned. Although there had been previous
indications of organized structures within bacterial cells (18,
139, 209), including the demonstration by Bi and Lutkenhaus
that the tubulin homolog FtsZ forms a ring-like structure at the
division site (15), the period of rapid advance began with the
discovery by Jones et al. in 2001 that bacterial actin homologs
in Bacillus subtilis are organized into extended helical struc-
tures that play key roles in cell shape regulation (95). Since
then, the dictum that bacteria have no long-range internal
structure has been replaced by the realization that the interior
of the bacterial cell contains a large number of organized
cytoskeletal elements, probably with a much larger group of
cytoskeleton-associated components still to be discovered. Es-
pecially impressive is the large amount of information that has
been revealed during this relatively short time span. It is now
known that bacterial cytoskeletal homologs exist for all of the
main groups of eukaryotic cytoskeletal proteins, i.e., the actin,
tubulin, and intermediate filament (IF) groups. However, im-
portant differences between the eukaryotic and prokaryotic
cytoskeletal systems have also emerged. These include the
discovery that there is at least one major group of bacterial
cytoskeletal elements, the MinD/ParA group, that has no
known eukaryotic counterpart and the finding that analogous
functions are frequently carried out by different cytoskeletal
classes in eukaryotes and prokaryotes, often using different
mechanisms.

The definition of the eukaryotic cytoskeleton has evolved
over the past half century. It includes both stable filamentous
structures that are composed largely of intermediate filament
proteins and dynamic structures such as tubulin-derived micro-
tubular structures and actin filaments that can assemble, dis-
assemble, and redistribute rapidly within the cell in response to
signals that regulate cellular functions such as cell cycle pro-
gression, intracellular organelle transport, motility, and cell
shape. The common characteristics of these systems are their
polymeric filamentous nature and their long-range order
within the cell. Based on this background, we define bacterial
cytoskeletal structures as filamentous structures that are based
primarily on polymers of a single class of protein, that show
long-range order within the cell, and, where this has been
studied, that are capable of self-assembling in vitro into ex-
tended polymeric filaments. The bacterial cytoskeleton consists
of the several groups of intracellular structures that meet this
definition.

In this review we attempt to synthesize the wide range of
information that is now available about the bacterial cytoskel-
eton, concentrating on systems where sufficient information is

available to draw significant conclusions. We emphasize the
cytoskeletal aspects of these systems and the relation of their
cytoskeletal organization to specific cellular functions. We deal
relatively briefly with some details of biological function that
have recently been reviewed elsewhere or that may not involve
the cytoskeleton. Where applicable, we refer the reader to
recent reviews on these topics.

BACTERIAL CYTOSKELETAL ELEMENTS

Actin Homologs

Several actin homologs that form cytoskeletal structures are
present in bacterial cells. The three bacterial actin homologs
whose three-dimensional structures are known show significant
structural similarity to eukaryotic actin (Fig. 1A) (171, 214,
216) despite a variable degree of sequence similarity. They
share a similar actin fold, which is characteristic of the actin
superfamily, with the most conserved region being the actin
ATPase domain (16). Other bacterial proteins of the actin super-
family that are not known to be cytoskeletal elements also exist.
These include, for example, cell division protein FtsA (discussed
below), the protein chaperone DnaK (Hsp70), and sugar hexoki-
nases (16).

In eukaryotic cells, actin polymerizes into polarized struc-
tures, with addition of actin-ATP being favored at one end and
ATP hydrolysis and subunit release being favored at the other.
This can result in rapid displacement of the filament, due to
extension at one end and shrinkage at the other, or in rapid
changes in filament size, number, or topological distribution in
response to regulatory inputs. Actin filaments are usually as-
sociated with a number of other proteins that play regulatory
roles in the dynamics of filament growth, disassembly, cleav-
age, bundling, etc. (reviewed in references 4 and 164). Similar
filament-associated regulatory elements have not yet been
identified for most bacterial actin homologs.

We discuss here the best-studied bacterial actin-like cy-
toskeletal proteins, i.e., MreB, ParM, and MamK.

MreB and MreB homologs. MreB and MreB homologs are
actin-related cytoskeletal proteins that play an important role
in a number of cellular functions in bacteria, including regu-
lation of cell shape, chromosome segregation, cell polarity, and
organization of membranous organelles. Some bacterial spe-
cies, such as Escherichia coli, contain a single MreB protein.
Others contain two or more MreB-related proteins, such as the
Bacillus subtilis MreB, Mbl (MreB-like), and MreBH (MreB
homolog) proteins (1, 117, 217).

In many organisms, such as E. coli and B. subtilis, mreB is
part of an operon that also contains genes coding for the MreC
and MreD proteins. MreB, MreC, and MreD are required for
cell viability (107, 113, 115). The loss of viability of E. coli
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�mreB cells can be suppressed by modest overexpression of the
essential cell division gene FtsZ (107, 188). It was suggested
that this reflects a need for more FtsZ because of the larger
volume of the spherical MreB-depleted cells (107). It is possi-
ble that the viable mreB mutant strains that have been isolated
contain elevated cellular FtsZ levels due to secondary suppres-
sor mutations.

(i) Cytoskeletal organization of MreB proteins. The cellular
organization of MreB and MreB homologs in Escherichia coli,

Bacillus subtilis, Caulobacter crescentus, and Rhodobacter sphae-
roides has been described (53, 60, 95, 108, 187, 191). In all cases
the proteins are organized into helical filamentous structures
that coil around the rod-shaped cell, as shown by immunoflu-
orescence microscopy and fluorescence microscopy of cells
expressing fusions of the proteins to green fluorescent protein
(GFP) or one of its derivatives, such as yellow fluorescent
protein (YFP) (Fig. 2A and B). The extended coiled structures
are located on the undersurface of the cytoplasmic membrane

FIG. 1. Structural comparison of eukaryotic and prokaryotic cytoskeletal proteins. Protein structures were downloaded from the Protein Data
Bank (PDB) (http://www.rcsb.org/pdb/) and aligned using the EMBL-EBI Dali server (http://www.epi.ac.uk/dali/). Protein structures were then
analyzed and displayed using the MolMol program (103). Nucleotides and inorganic molecules that cocrystalized with the proteins are not shown.
(A) Actin homologs. From left to right: Saccharomyces cerevisiae actin (PDB entry 1YAGA), ATP bound (218); Thermotoga maritima MreB (PDB
entry 1JCG), AMPPNP bound (214); ParM of plasmid R1 (PDB entry 1MWM), ADP bound (216). (B) Tubulin homologs. From left to right: Bos
taurus �-tubulin (PDB entry 1JFFB), GTP/GDP bound (124); Methanococcus jannaschii FtsZ (PDB entry 1FSZ), GDP bound (122); Prostheco-
bacter dejongeii BtubA (PDB entry 2BTOA), GTP bound (183). (C) MinD (left) and Soj (right) proteins: Archaeoglobus fulgidus MinD (PDB entry
1HYQ), nucleotide free (24); Thermus thermophilus Soj (PDB entry 2BEJ), ADP bound (116). The topological specificity domain of the MinE
dimer is shown (residues 31 to 88). The MinD-binding domains of each monomer extend from opposite sides (the right and left sides in this view)
of the dimeric topological specificity domain (100).
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and frequently extend along the entire length of the cell. In
some cases the structures consist of two intertwined helices
(Fig. 2B).

The MreB helical cytoskeleton can change its cellular pat-
tern, as implied by the observation that the helical density and
cellular distribution of the MreB coiled structure varies in
different cells within normally growing cultures (Fig. 2A to C)
(53, 60, 95, 187, 191, 194). This is likely, at least in part, to
reflect remodeling during the cell cycle. Thus, in C. crescentus
the MreB helical arrays along the length of the cell are con-
verted to a ring structure at or near midcell in predivisional
cells (Fig. 2D) (53). In R. sphaeroides, a similar structure ap-
pears near midcell prior to cytokinesis and moves to another
position before septation is completed (191). The redistribu-
tion event in C. crescentus did not occur when the essential cell
division protein FtsZ was depleted, implying that formation of
the MreB ring near midcell is regulated by cell division events
(53). The formation of a ring-like structure near midcell in C.
crescentus and R. sphaeroides is reminiscent of the formation of
the actin contractile ring that is located at the division site in
eukaryotic cells and plays a contractile role throughout cyto-
kinesis in cooperation with myosin (4). However, aside from its
transient midcell localization in several studies, there is no
evidence that the MreB ring plays a role in bacterial cytokine-
sis. Similar band- or ring-like structures are present in about
5% of E. coli cells, without an apparent preference for local-
ization near midcell (187), and the fact that �mreB cells can
undergo cell division shows that the MreB ring is not an es-
sential element of the septation process (108, 188).

MreB redistribution into a ring structure near midcell in
predivisional cells of C. crescentus is impaired, but not elimi-
nated, in a strain that lacks TipN, a protein that normally
marks the new cell pole and plays a role in establishment of the
axis of cell polarity (83, 111). TipN overproduction leads to its
mislocalization to ectopic positions along the cell cylinder,
thereby establishing new axes of polarity as shown by out-
growth of rods as branches from the aberrant sites (111). It is
possible that this reflects a direct influence of TipN on the
directionality of the MreB cytoskeleton.

The MreB and Mbl cytoskeletal elements in B. subtilis are
dynamic structures. Rapid movement has been observed within
the GFP-labeled MreB and Mbl coiled structures, appearing
sometimes to include segmental unidirectional movement de-
tectable on a time scale of several seconds (194). Fluorescence
photobleaching studies have also shown that molecules within
the Mbl helical structure exchange with Mbl molecules else-
where in the cell with a half time of approximately 8 min (20).

FIG. 2. Localization and functions of the actin-like MreB protein.
(A to D) Cellular localization of MreB labeled with GFP or YFP. (A
to C) E. coli MreB localizes into extended coils (A), intertwined double
helices (B), and band-like structures (C). (Reprinted from reference
187 with permission of the publisher. Copyright 2003 National Acad-
emy of Sciences, U.S.A.) (D) C. crescentus MreB localizes into a
band-like structure at the division site in predivisional cells. (Reprinted
from reference 60 with permission of the publisher. Copyright 2004
National Academy of Sciences, U.S.A.) (E) Chromosome segregation
in E. coli mreB deletion strain (Y.-L. Shih, unpublished). Defects
include multiple disordered chromosomes and unequal chromosome
partition into daughter cells (cell 1), production of anucleate cells (cell
2), and chromosome fragmentation presumably due to guillotining of
the nucleoid (cell 3). Bacterial DNA (red) is stained with DAPI;
membrane (green) is stained with FM4-64 [N-(3-triethylammonium-
propyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibro-
mide]. (F) Suggested organization of cytoskeleton-associated cell wall-
synthesizing proteins of E. coli. The cytoplasmic MreB cytoskeleton is
linked via MreC and MreD to the PBP murein biosynthetic enzymes
(107). RodA may also be a member of the complex, and it is possible
that some outer membrane proteins are also part of the MreC-asso-
ciated structure (35). MreC is shown as a transmembrane protein (107,
113), but, at least in C. crescentus, MreC appears to be a periplasmic
protein (35). See text for further details and references. This multi-
protein structure may permit the MreB cytoskeleton to regulate the
pattern of cell wall biosynthesis by providing spatial information to the
murein biosynthetic machinery. OM, outer membrane; PG, pepti-
doglycan (murein); IM, inner membrane. (G) Pattern of murein as-
sembly in B. subtilis (27). Nascent peptidoglycan was stained with

fluorescently labeled vancomycin (see the text). The micrograph con-
tains cells representing different stages of the cell cycle. Helical pat-
terns of labeled vancomycin are indicated by transverse bands (lines)
and dots around the cell periphery (arrowheads). The densely stained
bands (arrow) in the two right-most cells are located at the cell division
sites. (Reprinted from reference 27 with permission from Elsevier.)
(H) Pattern of murein insertion into the murein sacculus of E. coli,
suggesting a helical mode of murein assembly (arrows indicate two of
the helical coils). (Reprinted from reference 32 with permission of the
publisher.)
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(ii) MreB polymerization and depolymerization. The MreB
protein of Thermotoga maritima self-assembles into long poly-
meric filaments in vitro (51, 214). Although the cellular abun-
dance of MreB in T. maritima is not known, polymerization of
T. maritima MreB is rapid at the normal cellular concentra-
tions of E. coli MreB (�30,000 molecules per cell [108]) and B.
subtilis MreB (�8,000 molecules per cell [95]). Each filament is
composed of two side-by-side linear polymers that differ in
appearance from the helical double-stranded filaments of F-
actin (214). The double-stranded MreB filaments are likely to
comprise the helical MreB structures of intact cells.

Polymerization occurs equally well in the presence of ATP
and GTP (50, 214), thereby differing from actin polymeriza-
tion, which occurs only in the presence of ATP. MreB poly-
merization stimulates ATPase activity, but during the course of
MreB polymerization there is a lag between polymerization
and phosphate release (50). This implies that ATP hydrolysis
occurs after MreB monomers are incorporated into filaments
and that ATP binding, rather than hydrolysis, is required for
addition of subunits to the growing polymer, thereby resem-
bling actin polymerization (164).

The filaments interact to form bundles that undergo a gela-
tion process, leading to formation of a solid-like structure (51).
The bundled MreB structure is more rigid than the equivalent
F-actin structure, with properties that are more often associ-
ated with eukaryotic intermediate filaments than with actin
(51). These include high elasticity, low critical concentrations
for polymerization, and a high propensity for bundling. These
properties would be useful if the MreB cytoskeleton played a
true skeletal role in supporting cell shape. However, the sig-
nificant changes in cellular distribution of the MreB cytoskel-
eton that take place within the rod-shaped cells (see above)
indicate that the rigidity of organized MreB polymers does not
play an essential role in maintaining the rod shape of the cell.
This conclusion is supported by studies with the drug A22
[S-(3,4-dichlorobenzyl)isothiourea] (88), which leads to loss of
the MreB coiled structures and conversion of the cell from a
rod to a sphere. When A22 was added, the rod-like shape of C.
crescentus was not altered until long after disappearance of the
MreB helical structures (61), arguing against the idea that
rigidity of the bundled protofilaments is necessary for mainte-
nance of cell shape.

All current information on the structure and polymerization
properties of MreB filaments is based on studies of MreB from
the thermophilic organism T. maritima, where the cellular or-
ganization of the protein has not yet been studied. Therefore,
it will be important to confirm that MreB from organisms such
as B. subtilis, E. coli, Caulobacter crescentus, and Rhodobacter
sphaeroides, where almost all biological studies have been per-
formed, behaves similarly to the T. maritima protein.

(iii) Cellular functions of MreB and MreB homologs. (a)
Cell shape determination. Since the original discovery of the
mreB (murein cluster B) gene in a search for mutants that are
sensitive to amdinocillin (220), genes coding for MreB and
MreB-related actin homologs have been shown to be present
in almost all rod-shaped species and absent from species that
grow as cocci (27). MreB-depleted cells usually grow as
spheres, suggesting that MreB may play a role in cell shape
control in rod-shaped bacteria.

It has long been known that the primary determinant of

bacterial cell shape is the murein (peptidoglycan) exoskeleton,
which is located outside of the plasma membrane. The murein
sacculus retains the shape of bacterial cells even when purified
away from other cellular components, and in the absence of
cell wall murein, rod-shaped cells become spherical. This
makes it clear that the sacculus is the shape-determining struc-
ture of the cell (184). The mreB operon is part of a large cluster
of genes involved in murein synthesis, implying a possible re-
lation between MreB and biosynthesis of the rigid murein
exoskeleton.

The shape of rod-shaped cells is dependent on enzymes
responsible for longitudinal murein growth. The rod shape is
also dependent on the presence of MreB or MreB homologs,
since depletion of these proteins leads to loss of the normal rod
shape, with formation of spherical cells, or, in the case of loss
of Mbl, to markedly deformed cells with large bulges and
irregular increases in cell width (95). It has been suggested that
Mbl controls cylindrical cell wall synthesis (27). Several other
cellular proteins are also implicated in establishment of the rod
shape, since loss of these proteins also leads a rod-to-sphere
transition. Among others, these include the murein biosyn-
thetic enzyme penicillin-binding protein 2 (PBP2) and the
RodA protein of E. coli, which are discussed below.

It is likely that MreB and its homologs regulate the shape of
rod-shaped cells by organizing murein biosynthetic enzymes
into a helical pattern that is oriented along the long axis of the
cell, leading to the pattern of murein synthesis that is respon-
sible for the rod shape. This was initially suggested by studies
with fluorescein-labeled vancomycin. Vancomycin blocks the
cross-linking of newly synthesized glycan-pentapeptide chains
into the murein sacculus by covalently attaching to the terminal
D-alanine of the pentapeptide murein biosynthetic precursors
(12, 17, 27). Fluorescein-labeled vancomycin therefore has
been used as a marker for the cellular pattern of murein
biosynthesis. The vancomycin studies showed that the imme-
diate precursors of mature murein in B. subtilis (27) are orga-
nized in a coiled pattern that extends along the long axis of the
cell and resembles the distribution patterns of MreB and Mbl
(Fig. 2G). The coiled vancomycin pattern was dependent on
the presence of the MreB homolog Mbl (27). In species that
lack an mbl gene, it is likely that MreB or another MreB
homolog carries out this function. Consistent with these re-
sults, studies of murein deposition in E. coli cells (32) also
suggest a coiled pattern of new murein incorporation into the
sacculus (Fig. 2H).

The following experiments indicate that the Mbl-dependent
helical pattern of murein synthesis reflects a helical organiza-
tion of the murein biosynthetic enzymes needed for longitudi-
nal cell growth. First, the biosynthetic murein transpeptidase
PBP2, which is required for rod shape, is distributed in a coiled
pattern along the cell cylinder, similar to the distribution pat-
terns of MreB and Mbl. This has been shown in C. crescentus
(35, 38, 53) and is likely also true in E. coli (30). Second, the
coiled distribution pattern of PBP2 is dependent on the pres-
ence of MreB and MreC (35, 53), implying that the helical
MreB and MreC cytoskeletal structures (discussed further
below) play an essential role in determining the cellular orga-
nization of PBP2.

MreC appears to act as a bridge between the MreB cytoskel-
eton and the murein biosynthetic machinery, as shown in stud-
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ies of E. coli and B. subtilis (107, 113). The MreD protein is
also likely to be a component of the bridging complex in or-
ganisms that contain an mreD gene, such as E. coli and B.
subtilis. Thus, E. coli MreC interacts with MreB and MreD in
bacterial two-hybrid assays, whereas MreB does not interact
with MreD (107). This suggests that MreC may be intercalated
between MreB and MreD in a putative multiprotein complex.
In addition, several lines of evidence suggest that MreB, MreC,
MreD, PBP2, and perhaps other murein biosynthetic enzymes
are components of a structure that mediates the effects of the
MreB cytoskeleton on the topology of murein synthesis (Fig.
2F). First, formation of normal MreB helical cytoskeletal struc-
tures requires the presence of mreC and mreD in E. coli and B.
subtilis (29, 107). Second, several PBPs which code for murein
biosynthetic enzymes were recovered by affinity chromatogra-
phy of a C. crescentus cell extract on an MreC column, sug-
gesting a link between MreC and multiple elements of the
murein biosynthetic machinery in this organism (35). Third, C.
crescentus MreC and PBP2 (35, 38) and B. subtilis MreC and
MreD (113) are present in helical patterns that resemble those
of the MreB and Mbl coiled elements. It has been suggested
that RodA, which is required for maintenance of the rod shape
and for the enzymatic activity of PBP2 (87, 196), may be an-
other component of the MreBC complex (107). MreC has been
thought to be the transmembrane link in this complex (107),
because sequence analysis predicts a transmembrane organi-
zation. However, it has recently been reported that cell frac-
tionation studies indicate a periplasmic location for the C.
crescentus MreC protein (35). Further studies will be needed to
clarify the cellular location of MreC in the various organisms
under study.

The interaction between MreB and the MreC-based struc-
ture in vivo appears to be transient, since, in contrast to MreB,
the distribution of the MreC helical pattern does not signifi-
cantly change during the cell cycle (35). The observation that
disruption of the MreB helical structures by A22 did not have
immediate effects on the localization of MreC and PBP2 also
supports the idea that MreB is not an essential part of the basic
MreC-PBP complex (35, 38).

MreC affinity chromatography identified approximately 19
candidates to be MreC-associated proteins (35). These in-
cluded eight presumed outer membrane proteins, nine cyto-
plasmic proteins, and small amounts of several PBPs. Studies
of GFP derivatives of five of the outer membrane proteins
showed clusters of labeled protein that were interpreted to
indicate a spiral, punctate, or banding distribution pattern sim-
ilar to that seen with MreC and PBP2 (35). Based on these
results, it was suggested that the PBPs and outer membrane
proteins might be part of an MreC-based complex anchored in
the inner membrane that could provide a link between the
internal MreB cytoskeleton and the outer layers of the cell
envelope. If this is correct, the failure to recover MreB from
the MreC affinity column might be attributed to problems in
solubilization of the MreB cytoskeletal structures or to the
presence of intermediate linking proteins between MreB and
MreC. Further work will be needed to fully interpret these
observations.

Interestingly, loss of either MreB or MreC causes PBP2 to
lose its helical organization and instead to localize near midcell
in C. crescentus (38). This requires the essential division pro-

tein FtsZ, suggesting that the cellular localization of PBP2, and
presumably also its site of action, may be regulated by an
interplay between the cell division machinery and the MreB/
MreC cytoskeleton. This is consistent with the observation that
PBP2 localizes to midcell at the time of septation in E. coli
(30). The unrelated PBP2 of Staphylococcus aureus also local-
izes to midcell (161).

A full understanding of the role of the cytoskeleton in or-
ganizing the murein biosynthetic machinery is complicated by
observations such as the following. (i) Localization studies of
all 11 vegetative PBPs of B. subtilis failed to show a helical
distribution (182). Unless these results reflect technical limita-
tions, this implies that the association of murein biosynthetic
enzymes with the cytoskeleton may vary from species to species
or may be limited to a small subset of the enzymes. (ii) Growth
of B. subtilis in the presence of 25 mM Mg2� restored a normal
rod morphology and normal helical distribution of nascent
murein to �mreB cells (54). Therefore, although there is in-
ferential evidence that the MreB cytoskeleton may participate
in determination of cell shape by providing a scaffold for the
helical distribution of murein biosynthetic enzymes along the
length of the cell, this effect either is indirect or operates
through another scaffolding protein, perhaps MreC. High
Mg2� levels could stabilize the scaffolding partner to permit it
to function in the absence of MreB. These observations show
that the MreB cytoskeleton is not essential for cell shape de-
termination in B. subtilis despite the fact that depletion of
MreB results in a change of cell shape.

(b) Cell polarity. The poles of rod-shaped cells differ in sev-
eral respects from the remainder of the cell body. These dif-
ferences include the specific polar localization of a number of
membrane-associated proteins (90), the presence of polar fla-
gella or pili in certain species (185), the lack of turnover of
murein and of externally labeled surface proteins at the cell
poles (31, 33), the absence of zones of adhesion between the
inner membrane and the murein-outer membrane layer at the
poles (23, 131), and anatomic changes (the bacterial birth scar)
at the newly formed cell pole (130). MreB has been implicated
in one of these aspects of cell polarity, the localization of
specific proteins to one or both cell poles.

Proteins that play a role in regulating the C. crescentus dif-
ferentiation cycle are differentially targeted to one or both cell
poles (reviewed in reference 59). These include the membrane
histidine kinases, PleC, DivJ, and CckA. MreB is required for
the polar targeting of these proteins (60). After depletion of
MreB, polar localization of the proteins is lost and they be-
come diffusely distributed within the cell.

MreB is also required for the polar localization of proteins
in other organisms. In E. coli and related gram-negative bac-
teria, membrane-associated proteins involved in chemotaxis,
motility, secretion, and virulence are normally targeted to one
or both cell poles (185). When several of these proteins were
expressed in E. coli, depletion of MreB led to a change of polar
targeting. The proteins include the E. coli aspartate chemore-
ceptor (188), the Shigella flexneri virulence protein IcsA (151,
188), and the Vibrio cholerae type II secretion protein EpsM
(151). It is likely that MreB also will be shown to play a role in
the polar targeting of other proteins.

However, not all polar proteins require MreB for their lo-
calization. Thus, the assembly of the E. coli Min proteins into
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membrane-associated polar zones (188, 205) and the polar
localization of the C. crescentus TipN protein (111) appear to
be independent of MreB. These may be exceptions to the
general rule that MreB is involved in localization of polar
proteins, reflecting the special role that the Min proteins play
in establishing the position of the cellular division site (175)
and the special role of TipN in marking the cell pole and in
determination of cell polarity (83, 111). It is not known how
MreB accomplishes the polar targeting of proteins. The MreB
helical filaments could participate directly in moving the pro-
teins to the poles by providing tracks for the active transloca-
tion of specific cargo proteins, probably in collaboration with
substrate-specific carrier and/or motor proteins. Segments of
the MreB filaments might themselves move toward the poles
(194) as part of the translocation process. Alternatively, MreB
might act indirectly by positioning polar targets for protein
localization. For example, the polar end of the MreB cytoskel-
eton might initiate the localization or organization of other
polar components that would then act as polar binding sites for
a family of substrate proteins. The targets need not be pro-
teins, since both the specialized membrane lipid composition
of the poles (141) and the presence of a segregated polar
murein compartment (33) could contribute to the target sites.

(c) Chromosome segregation. During the normal cell cycle,
daughter nucleoids move rapidly to opposite ends of the cell,
leading to their equipartition into the two daughter cells (74).
This process is perturbed when MreB is depleted in E. coli and
C. crescentus (60, 108). This is manifested by the production of
cells in which multiple nucleoids are irregularly distributed
within the cytoplasm (Fig. 2E, cell 1) (108) and of anucleate
cells (Fig. 2E, cell 2) or cells in which an incompletely
partitioned nucleoid is guillotined by the septum (2E, cell
3). The possibility that the nucleoid segregation defects are
caused by the spherical shape of the MreB-depleted cells
has been excluded by the observation that expression of
certain mutant alleles of mreB that do not interfere with the
rod shape of the cell is still associated with nucleoid segre-
gation defects (106, 108).

Further evidence that MreB is needed for normal chromo-
some partition came from studies of the segregation of the
origin and terminus regions of newly replicated chromosomes
of E. coli and C. crescentus (61, 108). In wild-type cells, the
newly replicated oriC regions rapidly move to opposite ends of
the cell. Separation of the terminus regions takes place later.
In contrast, in MreB-depleted cells, the normal movement of
the newly replicated oriC regions to opposite ends of the cell
does not occur, and the terminus regions appear to adhere
together (106, 108).

Biochemical evidence that the oriC region is the chromo-
somal target of MreB came from studies of C. crescentus cell
extracts by Gitai and coworkers showing that MreB and DNA
from the origin-proximal region could be chemically cross-
linked and were coimmunoprecipitated with anti-MreB anti-
serum (61). This strongly implies that MreB is associated with
the origin-proximal region of the chromosome, either directly
or via other proteins that correspond to the centromere-bind-
ing kinetochore proteins of eukaryotic cells. These results im-
ply that the association of the MreB cytoskeleton with the oriC
region plays an important role in moving the daughter chro-

mosomes towards opposite cell poles.
The mechanism responsible for the chromosomal movement

is not known. Based on the present evidence, it appears likely
that the oriC region directly or indirectly interacts with the
MreB cytoskeleton and is then translocated along the helical
MreB structures from midcell to the cell poles, perhaps ac-
companied by movement of segments of the MreB filaments
(194). The energy requirement for translocation could be met
by a separate motor protein, by coupling the ATPase activity of
MreB to movement of the DNA, or by changes in chromosome
folding. It is not known whether active movement of other
chromosomal regions by a similar translocation mechanism is
also involved in the segregation process. This may not be
needed, since the active compaction of chromosomal DNA
after oriC is moved to the poles could complete the process of
nucleoid separation (147, 181). It also is not known whether
the redistribution of MreB that occurs during the cell cycle is
related to the oriC translocation events (53, 191).

The previous suggestion that RNA polymerase (RNAP)
contributes to the motive force for chromosome separation
(37) is supported by the recent finding that inactivation of
RNAP in E. coli leads to a defect in nucleoid separation in
DAPI (4�,6�-diamidino-2-phenylindole)-stained cells, similar
to the effect of MreB depletion or inactivation (106). This
appears to be primarily associated with a failure of the termi-
nus regions to segregate, although there may also be some
effect on origin segregation. Of special interest, immunopre-
cipitation experiments using anti-MreB antibody indicated that
MreB and RNAP are physically associated in cell extracts and
in in vitro reconstitution experiments (106). These results sug-
gest that RNAP is associated with the MreB cytoskeleton and
works together with MreB in the chromosomal segregation
process. It has been pointed out that a significant force can be
generated by a stationary RNAP molecule during transcrip-
tion, and this could contribute to moving DNA during the
segregation process (37, 56).

A mechanism must also exist to explain the vectorial nature
of the translocation process, in which the two newly replicated
oriC regions are moved to opposite ends of the cell. The di-
rectionality could be provided by a double-helical MreB cy-
toskeletal structure (Fig. 2B) if the helical strands were of
opposite polarity. This would provide two tracks that point in
opposite directions, each providing a one-way highway for the
oriC cargo. In another model the directionality would be im-
parted by the orientation of the newly replicated oriC regions
as they exit from the replication apparatus (37). The two mod-
els are not mutually exclusive, and other mechanisms are also
possible. A fuller understanding of the role of the MreB cy-
toskeleton in chromosome segregation will require a more
detailed understanding of the macromolecular organization of
the MreB helical arrays, the polarity of filament assembly and
disassembly, and the basis of the MreB-oriC interaction. In
contrast to the results for E. coli and C. crescentus, it is not
clear whether MreB or one of the other actin homologs, Mbl
or MreBH, is required for chromosome segregation in B. sub-
tilis (54, 193). Thus, depletion of MreB in B. subtilis in the
absence of polar effects on downstream genes did not lead to
significant defects in chromosome segregation (54), and deple-
tion of MreB or Mbl led to only mild segregation defects (194).
Whether the third B. subtilis actin homolog, MreBH, influ-

VOL. 70, 2006 BACTERIAL CYTOSKELETON 735



ences chromosome segregation remains to be determined. It
also will be of interest to see what mechanism is used for
chromosome segregation in coccal species, which lack MreB
homologs.

Plasmid partitioning by an actin homolog: the ParM system.
Stable inheritance of low-copy plasmids is carried out by active
partitioning systems that include a partitioning protein with
ATPase activity. In type I partitioning systems these proteins
belong to the Walker-type ATPase superfamily, and these are
discussed later in this review. In type II systems the partitioning
protein is an ATPase belonging to the actin protein superfam-
ily, exemplified by the ParM protein of E. coli plasmid R1.

The par locus of plasmid R1 is the best-understood example
of a bacterial system that fulfills the role of the mitotic appa-
ratus of eukaryotic cells. The locus includes three genes: parM
codes for the actin-like ParM protein (M for motor); parC is
the cis-acting centromeric DNA site (C for centromere); and
parR (R for repressor) codes for the ParR protein, which binds
to parC sequences and acts both to autoregulate transcription
of the par genes and to link the ParM motor protein to the
plasmid DNA. The parC site contains 10 iterons of 11-base-
pair repeats that act as sites for ParR binding (93).

In plasmid-containing cells, ParM forms linear filamentous
structures that extend along the long axis of the cell, where
they can be visualized by immunofluorescence microscopy
(Fig. 3A, panel 1) (145, 146). The high cellular abundance of
ParM (�18,000 molecules per cell) suggests that each intra-
cellular filament consists of a number of protofilaments (145,
146). Growth of the ParM filaments pushes the progeny plas-
mids to opposite ends of the cell (Fig. 3B), as discussed below.

(i) ParM polymer assembly and disassembly. ParM poly-
merizes in vitro to form filaments that presumably correspond
to the intracellular ParM filaments. Each in vitro filament is a
double-stranded helical structure in which each helical strand
is presumably a single ParM polymer. Unlike actin and MreB
filaments, ParM filaments do not form bundles or sheets in
vitro (55, 214, 216).

ParM filament assembly and disassembly are regulated by
ATP binding and hydrolysis (55, 145, 146). Filament assembly
requires either ATP or a nonhydrolyzable ATP analog, indi-
cating that the ATP-bound form of ParM is competent to
polymerize (55, 93, 146). Unlike actin filaments, in which sub-
units are added only at one end of the filament, ParM filaments
grow by addition of subunits at both ends of the growing
polymer (55).

Polymer growth occurs by addition of a ParM-ATP subunit
to the end of the ParM chain. This is associated with hydrolysis
of the ATP moiety of the previously incorporated terminal
ParM-ATP, explaining the polymerization-dependent ATPase
activity of the system. This generates ParM-ADP as the new
penultimate residue of the polymer (Fig. 3C). Thus, ParM
filaments consist of chains of ParM-ADP, capped by the most
recently added ParM-ATP subunits. ParM-ADP polymers are
very unstable and have a high probability of disassembly unless
capped by ParM-ATP (55).

A dramatic feature of the in vitro ParM polymerization
system in the absence of ParR-parC is the sudden switch after
a variable period of bidirectional elongation to a stage of rapid
catastrophic disassembly from one end of the filament, pre-
sumably triggered by an increase in the rate of hydrolysis of the

FIG. 3. ParM-mediated partition of plasmid R1. (A) Fluorescence
micrographs showing the ParM filament (green) and plasmid DNA
(red). Panel 1 shows a ParM filament extending between two plasmids
that are located at the ends of the cell. Panel 2 shows a plasmid at each
cell pole, attached to a short ParM filament that extends toward mid-
cell; this presumably represents an intermediate stage of filament dis-
assembly after the plasmids have been delivered to the ends of the cell.
(Reprinted from reference 145 with permission from Elsevier.) (B) Af-
ter plasmid replication, growth of a ParM polymeric filament (yellow)
pushes apart the two progeny R1 plasmids, moving them from midcell
to the two poles. (C) Cartoon representing the boxed region in panel
B, showing details of the addition of new subunits at the two ends of
the ParM filament. The ParM-ADP filament is capped by ParM-ATP
subunits. The capped end is attached to the parC centromeric region of
the plasmid via the ParR protein. ParM filament growth occurs by
insertion of ParM-ATP subunits at the interface between the end of
the ParM filament and the ParR/parC complex. This is associated with
hydrolysis of the ATP moiety of the previous ParM-ATP subunit,
thereby converting the penultimate subunit to ParM-ADP.
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terminal ATP of the polymer (55). This reflects the fact that
although the rate of subunit addition at the ends of the ParM
filament is similar to the rate of growth of actin filaments, the
rate of disassembly is 100 times higher than that of F-actin
(55). A similar pattern of dynamic instability is characteristic of
eukaryotic microtubules. The dynamic instability is thought to
be necessary to prevent intracellular ParM filaments from
growing to significant lengths before they interact with their
plasmid targets (55).

(ii) Mechanism of ParM function. A substantial body of
evidence indicates that ParR acts as a bridge between the ends
of the ParM filament and the plasmid DNA that will be moved
to the ends of the cell (Fig. 3B and C) (92, 94, 145, 146).
Plasmid R1, like other unit copy plasmids, is replicated near
midcell. ParR protein dimers then interact with the 10 iterons
in the parC domains of the two daughter plasmids, leading to
formation of plasmid pairs held together by multiple copies of
ParR (94). The ends of a ParM oligomer or short polymer (55)
then interact with the ParR-parC complex, separating the plas-
mid pair and leaving each end of the filament bound via ParR
to a molecule of plasmid DNA (Fig. 3B). The polymer then
grows bidirectionally by addition of new ParM subunits that
are inserted between the end of the ParM filament and its
ParR-parC cap, thereby pushing the two attached plasmids
toward opposite ends of the cell (Fig. 3B and C). Addition of each
new subunit is thought to be accompanied by hydrolysis of the
ATP of the terminal ParM-ATP cap (Fig. 3C), as discussed above.

The presence of the ParR-parC complexes at the two ends
of the ParM filament inhibits the dissociation of subunits
during the period of polymer growth, preventing the cata-
strophic disassembly that otherwise would occur after a rela-
tively limited period of polymer growth (55). Polymer growth
stops when the ends of the filament approach the ends of the
cell. The expected intermediate structure, a filament extending
along the long axis of the cell with plasmid DNA attached at
both ends, has been visualized in elegant double-label studies
by Møller-Jensen et al. (Fig. 3A, panel 1) (145). The ParM
polymers then disassemble, providing ParM subunits for initi-
ating the cycle of filament assembly that will occur after plas-
mid replication at the midcell replication site in the daughter
cell.

(iii) Filament disassembly and plasmid migration. The
mechanism responsible for triggering disassembly of the ParM
filament is not yet understood. We consider two possible
modes of filament disassembly. (i) Disassembly proceeds bidi-
rectionally from the two ends of the intact filament in response
to a signal related to the arrival of the plasmids at the cell
poles. To achieve this, the assembly/disassembly balance must
be changed to favor disassembly from the ends of the filament.
The switch from polymer growth to polymer disassembly
may reflect a decrease in the rate of subunit addition as a
consequence of low cytoplasmic ParM concentration result-
ing from its incorporation into the growing polymer as well
as a diminution in synthesis of ParM because of the tran-
scriptional autoregulation of the operon (41). This is likely
to be associated with release of the ParR-plasmid complex,
which normally inhibits subunit loss. It should generate cells
containing a single ParM filament with two free ends. The
filament will become progressively shorter as subunits are
released from both ends. Although the predicted interme-

diate structures have not been detected, this could be ex-
plained if disassembly was too rapid for easy detection or if
the stochastic disassembly of protofilaments left some indi-
vidual pole-to-pole protofilaments intact through much of
the disassembly period. (ii) In a second model, disassembly
proceeds from midcell to each of the cell poles, initiated by
internal cleavage of the filament. This would generate two
filaments, each with a free end located somewhere near
midcell and a plasmid-ParR complex at its polar end. Be-
cause the free ends lack a ParR-parC cap, the two filaments
will disassemble rapidly from the free ends toward the cell
poles. Cleavage might be carried out by proteins similar to
eukaryotic factors that sever microtubules and actin fila-
ments, such as katanins and cofilins, respectively (132, 137).
Consistent with this model, the predicted intermediate
structures, short ParM filaments each extending toward mid-
cell from a plasmid located at a cell pole, have been visual-
ized in double-label experiments (Fig. 3A, panel 2). At this
point it is not possible to make a definitive choice between
these two alternative disassembly mechanisms, each of
which would presumably leave the plasmids in opposite ends
of the cell.

The mechanism of movement of the segregated plasmids
from the ends of the cell to their new replication sites has not
been defined. After the ParM filament is disassembled, each
released plasmid must move from the end of the cell to the new
replication site, which will be located at midcell in the postdi-
vision cell. During this process the freed plasmid must be
prevented from diffusing back into the other half of the cell
prior to septal closure. Although it is not known how this is
accomplished, there are several possibilities. (i) The initiation
of polymer disassembly could be coupled to an event in the cell
cycle to ensure that the ParM filaments would not start to
disassemble before septation occurred. (ii) A segregation trap
could be present at the cell quarters to trap plasmids released
at the proximal cell pole. The trap could, for example, be
provided by the newly assembled plasmid replication machin-
ery. This would require the replication apparatus to assemble
at the cell quarters prior to septum formation at midcell, per-
haps at the same positions where the cell division machinery
assembles in rapidly growing cells (176). A plasmid diffusing
from the proximal pole would encounter and engage with this
site before crossing midcell. (iii) Cleavage of the ParM fila-
ment and subsequent disassembly of the filament (according to
the second model in the paragraph above) could be directly or
indirectly dependent on septation, consistent with the obser-
vation that ParM filaments do not disassemble when septation
is blocked by cephalexin treatment (Fig. 2Ar in reference 146).
This would ensure that plasmid release and diffusion from the
pole would not occur until after septation occurred. In a simple
model, filament cleavage could be a direct result of septum
formation. Cleavage proteins might even be present at the
leading edge of the ingrowing septum, where other functional
proteins are located (48). (iv) The plasmids could associate
with specific polar binding sites until a signal for their release
is received. All of the above mechanisms, except for mechan-
ical disruption of the ParM filament by the ingrowing septum,
would require host cell factors.
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MamK. MamK is an actin homolog that plays a role in the
subcellular organization of magnetosomal membranes. This
defines a new function of actin-like proteins, the positioning of
cellular organelles in bacterial cells (101).

Magnetosomes are membrane-bounded organelles of Mag-
netospirillum magneticum sp. strain AMB01 that contain iron
crystals within the membrane-bounded structures. Electron
cryotomography has shown that the magnetosomal membranes
represent membrane invaginations of the cytoplasmic mem-
brane which are organized into linear arrays that are generally
oriented along the long axis of the cell (101). The magneto-
somes are bordered by filamentous MamK structures that ex-
tend along the length of the organellar structures near the
inner curvature of the cell (Fig. 4A and B) (101). They have
been visualized by electron cryotomography and by labeling
cells with MamK fused to GFP. Deletion of mamK leads to
both disappearance of the filaments and disappearance of the
ordered magnetosome membrane arrays, confirming that the

MamK cytoskeleton-like structures are required for magneto-
some organization within the cell.

Tubulin Homologs

Two types of tubulin homolog, exemplified by FtsZ and the
BtubA and BtubB proteins of Prosthecobacter dejongeii, have
been identified in prokaryotes. FtsZ, BtubA/B, and eukaryotic
tubulins form a distinct family of GTPases (152, 183). The
three-dimensional structures of the bacterial tubulin homologs
are similar to the structure of eukaryotic tubulins (Fig. 1B),
although sequence homology between the bacterial proteins
and tubulins varies considerably (sequence identities of 17%
for FtsZ and 35% for BtubA/B relative to eukaryotic tubulin
[123, 183]).

Phylogenetic analysis suggests that FtsZ and tubulin are
likely to have evolved from a common ancestor and to have
diverged at an early stage of evolution, whereas BtubA and
BtubB have evolved more recently following horizontal gene
transfer of a tubulin or tubulin-like gene from a eukaryotic
parent (91, 183, 192, 195). Consistent with this suggestion,
BtubA and BtubB are more similar to tubulin than to FtsZ in
amino acid sequence and protein structure, whereas other P.
dejongeii genes are considered phylogenetically closer to their
prokaryotic counterparts (91, 195). BtubA contains a carboxyl-
terminal domain that resembles the carboxyl terminus of tu-
bulin and is missing in FtsZ. This domain is important for the
interaction of tubulin with motor proteins and tubulin-associ-
ated proteins.

FtsZ. FtsZ is essential for bacterial cytokinesis, and highly
conserved FtsZ homologs are present in almost all bacteria
and archaea. FtsZ homologs are also present in eukaryotic
organelles such as plastids, which are believed to be derived
from bacterial endosymbionts (for a review, see reference 5). A
plasmid-borne FtsZ variant that plays a role in plasmid repli-
cation is also found in virulence plasmid pXO1 of Bacillus
anthracis (155, 156) and in other megaplasmids (207). The role
of FtsZ in cellular and organelle division has recently been
reviewed (47, 133, 172).

(i) The FtsZ ring. FtsZ is an essential cell division protein in
most bacteria. It is the earliest known component of the divi-
sion machinery to be targeted to the cell division site, where it
assembles into a circumferential ring, the Z-ring, located at the
inner surface of the cytoplasmic membrane (Fig. 5D). The
Z-ring has been visualized by immunoelectron microscopy (15)
and by fluorescence microscopy using anti-FtsZ antibody or
FtsZ linked to GFP or one of its derivatives (Fig. 5A) (3, 129).
The Z-ring is believed to consist a number of polymeric FtsZ
protofilaments, but it is not known whether individual proto-
filaments extend completely around the cell circumference or
whether there are larger numbers of shorter polymers that
extend around the cell in some type of staggered configuration.

The E. coli Z-ring acts as a scaffold for assembly of at least
10 additional proteins into a cytokinetic ring (also called the
septasome or divisome) (Fig. 5D) (63). Formation of the cy-
tokinetic ring is followed by ingrowth of the septum after a
variable delay. Although FtsZ remains associated with the in-
ner edge of the ingrowing septum as septal invagination
progresses, it is not known whether the Z-ring plays a direct
role in the constriction process. In addition to its role in as-

FIG. 4. Intracellular cytoskeletal structures formed by the actin-
like MamK protein (A and B) and the intermediate filament homolog
crescentin (C). (A and B) Electron cryotomography (A) and cartoon
illustration (B) of magnetosomes located under the surface of the
cytoplasmic membrane of Magnetospirillum magneticum. MamK fila-
ments extend along the surface of the linear array of membrane-
bounded magnetosome structures (white arrows in panel A). (The
electron micrograph was reprinted from reference 101 with permission
of AAAS.) (C) The intermediate filament-like protein crescentin
(green), visualized by expressing GFP-tagged crescentin in wild-type
cells, forms filamentous structures (white arrows) along the concave
edge of C. crescentus. Membranes (in red) are stained with dye FM
4-64. (Reprinted from reference 8 with permission from Elsevier.)
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sembling the cytokinetic machinery, FtsZ may also play a role
in the cell cycle-dependent switch from longitudinal murein
synthesis to the synthesis of preseptal murein at the future
division site (34, 174). The intact Z-ring and cytokinetic ring
have not yet been isolated, and the details of their structures
are not known.

FtsZ is a high-abundance protein (reported to be present at
3,400 to 20,000 copies per E. coli cell) (26, 125, 149, 162, 178,
197). Of the other components of the cytokinetic ring, FtsA
and ZipA are present at approximately 740 and 1,250 copies
per cell, respectively (66, 178), whereas the other ring compo-
nents are much less abundant, at 30 to 50 molecules per cell
(176). The components of the septasome carry out a variety of
functions in the septation process, most of which are poorly
understood.

Interestingly, studies using fluorescence recovery after pho-
tobleaching have shown that the Z-ring is a highly dynamic
structure, with FtsZ molecules exchanging with FtsZ molecules
elsewhere in the cell with a half time of �30 seconds, depend-
ing upon experimental conditions (6, 197). It is not known
whether the exchange of FtsZ molecules occurs along the
length of the polymer or only at the ends of FtsZ polymers.
Atomic force microscopy has indicated that FtsZ polymers
undergo fragmentation and reannealing at internal locations
(143). Therefore, it is possible that the exchange occurs at
internal sites within FtsZ polymers, accompanied by the re-
peated breaking and resealing at internal sites within polymer
strands. The potential for breaking and resealing of the poly-
mer could also provide a mechanism for extrusion of FtsZ
molecules during the shrinkage of the Z ring that occurs during
septal constriction.

(ii) Membrane attachment of the Z-ring. Assembly of the
Z-ring of E. coli requires the FtsA or ZipA protein to anchor
the Z-ring to the membrane and possibly also to promote ring
assembly or stability. Either protein is sufficient to support
membrane association of FtsZ and formation of the Z-ring.
Interestingly, although either FtsA or ZipA is capable of sup-
porting Z-ring formation, both proteins are required for the
subsequent entry of the other division proteins into the ring
(63), and FtsZ, FtsA, and ZipA all remain as permanent com-
ponents of the cytokinetic ring. FtsA homologs are found in
many bacterial species, whereas ZipA is restricted to a small
number of organisms. It is not known whether different pro-
teins in other species fulfill the role of the E. coli ZipA protein.

ZipA contains a single hydrophobic transmembrane domain
that anchors the Z-ring to the membrane (160). In contrast,
FtsA anchors the Z-ring to the membrane via an amphipathic
helix at the carboxy terminus of the FtsA protein, with the
hydrophobic amino acid side chains on the nonpolar face of
the helix inserting into the interior of the membrane bilayer
(159). A similar amphipathic helix is present at the carboxyl
termini of FtsA proteins of other species. The amphipathic
helical membrane-binding domain of FtsA is similar in struc-
ture to and is interchangeable with the membrane-binding
domain of MinD (159) (discussed below), demonstrating the
relatively nonspecific nature of the membrane anchor. It is not
known whether the Z-ring formed in the absence of one of the
two anchoring proteins is structurally identical to the Z-ring
formed when both membrane-binding proteins are present or
whether FtsA and ZipA perform roles in the division process
other than their roles in Z-ring anchoring and septasome
assembly.

FtsA is an actin homolog, as shown by sequence and struc-
tural similarities (16, 215). The Streptococcus pneumoniae FtsA
protein polymerizes in vitro in the presence of ATP (112), and
removal of the E. coli membrane-targeting sequence is associ-
ated with formation of FtsA filaments within the cytoplasm
(159). The ability of cytoplasmic FtsA to form polymeric fila-
ments in vitro and the formation of FtsA filaments in E. coli
suggest that FtsA may play a cytoskeleton-like role in the
structure of the cytokinetic ring or in the septation process
itself, in addition to its role in anchoring FtsZ to the mem-
brane.

(iii) FtsZ spiral structures. In addition to constituting the
Z-ring at division sites, FtsZ also forms transient helical arrays
that coil around the long axis of the cell, resembling the helical
structures formed by cytoskeletal proteins MreB, Mbl, MreBH,
and MinD.

Evidence suggesting that the FtsZ spiral structures may be
intermediates in formation of the FtsZ ring has come from
studies of sporulating and vegetative B. subtilis cells (13). Dur-
ing sporogenesis the septation site switches from midcell to a
site near one pole, requiring repositioning of the Z-ring from
its normal midcell location. During this process, disappearance
of the midcell ring is followed by the appearance of new Z-
rings at both cell poles (Fig. 5C). One ring then disappears,
and the other progresses to assemble the division machinery
for formation of the polar spore septum (119). Ben Yehuda
and Losick have shown that spiral FtsZ structures extend
along the long axis of the cell during the change from medial

FIG. 5. Cellular organization of FtsZ. (A to C) Immunofluores-
cence micrographs showing cellular localization of FtsZ in B. subtilis
cells. (Reprinted from reference 13 with permission from Elsevier.)
(A) FtsZ ring at midcell during vegetative growth; (B) extended FtsZ
helical structures during the transition from vegetative growth to
sporulation; (C) bipolar FtsZ rings at a later stage of the transition.
(D) Diagrammatic representation of a portion of the cytokinetic ring
(septasome) of E. coli. FtsZ is anchored to the cell membrane by FtsA
and ZipA, and the other septasomal proteins are then added to the
complex (63). The symbols representing the proteins are arranged for
clarity, and the cartoon does not accurately represent the details of
their interactions. OM, outer membrane; PG, peptidoglycan (murein);
IM, inner membrane.
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to polar Z-rings (Fig. 5B), suggesting that these represent
intermediates in the FtsZ redistribution process during
sporogenesis (13).

Studies of a thermosensitive FtsZ mutant suggested that
FtsZ spiral structures may be intermediates in formation of the
FtsZ ring in vegetatively growing as well as sporulating B.
subtilis cells (140). When grown at the nonpermissive temper-
ature, FtsZ rings did not form and were replaced by short FtsZ
spiral structures located in internucleoid regions along the cell.
On shift back to permissive temperature, time-lapse micros-
copy of FtsZ-YFP showed rapid conversion of the spirals to
Z-rings. On the basis of these observations it was suggested
that the mutation causes a block in conversion of FtsZ spirals
to FtsZ rings, implying that the spiral structures are precursors
of the Z-ring.

The structural relationship between FtsZ spirals and Z-rings
has not been established. The two structures may be indepen-
dent, with FtsZ molecules leaving the spiral to form a ring
structure at the division site. On the other hand, it is quite
possible that the Z-ring is not a true ring but rather a tightly
compressed spiral structure derived from the more extended
FtsZ helical structures discussed above. A choice between
these alternatives will require higher-resolution studies of Z-
rings within cells and/or the isolation and characterization of
the Z-ring itself.

It also has been shown that FtsZ helical structures are
present in E. coli cells that overproduce FtsZ or FtsZ-GFP, a
protein that is not fully functional but that is used as a marker
for Z-rings and other FtsZ structures in living cells (129, 199).
The coiled FtsZ arrays show periodic waves of oscillation with
a periodicity of 30 to 60 s (205). This oscillatory behavior was
unaffected by loss of the MreB helical cytoskeleton, but the
periodicity was interrupted in a minCDE deletion mutant, in
which division site placement is perturbed (205). The relation-
ship of these observations to the behavior of the Min proteins,
which are required for identification of the division site and
which also are organized into oscillating helical structures (dis-
cussed below), remains to be defined.

(iv) FtsZ polymerization and depolymerization. The three-
dimensional structure of FtsZ from Methanococcus jannaschii
resembles the structures of �- and �-tubulins (Fig. 1B). There
also are similarities in the polymerization characteristics of
FtsZ and tubulins. In both cases the proteins polymerize uni-
directionally into linear protofilaments in a GTP-dependent
manner. Under appropriate conditions, the FtsZ and tubulin
filaments both form bundles and sheets (45, 123). Rheometric
measurements have indicated that bundles of FtsZ polymers
form highly elastic structures, and it was suggested that this
could be useful in maintenance of the Z-ring under the pres-
sures generated during septal constriction (52).

However, there is no evidence that FtsZ forms microtubular
structures in vitro or in vivo, and there are significant differ-
ences in the kinetics of nucleotide exchange between FtsZ and
tubulin filaments. There also is no convincing evidence that
FtsZ filaments are composed of FtsZ-GDP polymers capped
with an FtsZ-GTP subunit whose hydrolysis leads to rapid
polymer disassembly, as is the case for tubulin polymers. In-
stead, the polymer appears to consist of FtsZ-GTP subunits,
and FtsZ polymer disassembly in vitro appears to be regulated
by a balance between the rates of GTP hydrolysis and GTP

rebinding to FtsZ along the length of the filament (82, 133,
142, 157, 172). This conclusion is based on the observation that
hydrolysis of bound GTP leads to disassembly of FtsZ fila-
ments unless sufficient GTP is available to exchange with the
GDP product (reviewed in reference 172). Although changes
in GTP/GDP ratio affect the rate of polymer disassembly, it is
unlikely that this could explain the loss of FtsZ subunits from
the Z-ring during septal constriction, because the high GTP/
GDP ratio in the cytosol should provide sufficient GTP to
prevent spontaneous filament disassembly. The important
question of the mechanism whereby the Z-ring grows smaller
during septal ingrowth remains open.

There is an energy barrier for the initiation and early steps
of tubulin polymerization, providing a barrier to nucleation of
new filaments (172). If this was true for FtsZ polymerization, it
could provide a point for regulating protofilament formation
during assembly of the Z-ring or the FtsZ spiral structures. It
also is not known whether assembly or disassembly of FtsZ
polymers within intact cells is modified by auxiliary proteins, as
is true for microtubules in eukaryotic cells.

(v) Regulation of Z-ring assembly and stability. The assem-
bly, stability, and function of the Z-ring and cytokinetic ring
must be regulated both spatially and temporally during the
normal division cycle. Spatial regulation restricts Z-ring for-
mation to the desired site for later septum formation (reviewed
in reference 175). This is accomplished primarily by the Min
site selection proteins, which are organized into a cytoskeletal
system that is discussed later in this review. Temporal regula-
tion is required to ensure that septum formation occurs at the
correct time in the cell cycle, after chromosome replication and
segregation are completed. Control of cellular FtsZ protein
concentration by regulation of transcription, translation,
and/or degradation may play a role in regulating Z-ring for-
mation in some cases, as, for example, during the cell cycle of
C. crescentus (97, 165, 179). However, in most cases regulation
is accomplished by the use of positive or negative effector
proteins that regulate Z-ring assembly or stability. A number
of effector proteins have been identified (Table 1) (reviewed in
references 133 and 172), and others probably remain to be
discovered. Thus far it is not known how these or other regu-
latory factors determine the timing of septation in the cell.

Regulation of Z-ring formation is also used as a damage
control mechanism in cases of delayed chromosome segrega-
tion or of DNA damage (212, 221). In these cases, irreparable
DNA damage would result if septation took place over unseg-
regated chromosomes or before damaged DNA is repaired

TABLE 1. Positive and negative regulators of FtsZ ring formation

Regulator Function (reference�s�)

Positive
FtsA ........................FtsZ membrane anchor (159)
ZipA........................FtsZ membrane anchor (66, 67, 169)
ZapA.......................Promote FtsZ ring stability (64)

Negative
MinC.......................Position of FtsZ ring (28, 75, 96)
EzrA........................Inhibit FtsZ ring formation (65, 118)
SulA ........................SOS response division inhibitor (73, 80, 96,

148, 211, 212)
SlmA .......................Inhibit FtsZ ring formation over nucleoids (14)
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and segregated by the cell. To prevent this, Z-ring formation is
blocked as part of the SOS response to DNA perturbations
until the defect is corrected (221).

BtubA/B. A second group of bacterial tubulin homologs is
exemplified by the BtubA and BtubB (bacterial tubulin) pro-
teins. Unlike FtsZ, which is present in almost all bacterial
species, BtubA and BtubB have thus far only been identified in
the genus Prosthecobacter in the division Verrucomicrobia. The
proteins from Prosthecobacter dejongeii have been studied in
some detail. BtubA and BtubB are the only tubulin homologs
in this organism, and electron crystallographic studies indicate
that the three-dimensional structures of the BtubA monomer
and BtubA/B heterodimer resemble those of tubulin (Fig. 1B)
(183). Several lines of evidence, including similarities in poly-
merization properties, suggest that the BtubA/B system may
provide a good model system for studying certain aspects of
tubulin behavior and microtubule assembly.

(i) BtubA/B polymerization. BtubA and BtubB copolymerize
in the presence of GTP into double-helical protofilaments and
small rings (183, 192). Filament formation requires both pro-
teins, although BtubB can self-assemble into �35-nm-wide
rings in the absence of BtubA, whereas BtubA cannot poly-
merize by itself. The BtubA/B protofilaments self-associate
into bundles that are sometimes organized around a central
cavity, generating a microtubule-like structure. The distance
between helical turns of the BtubA/B protofilament is similar
to that of tubulin and FtsZ protofilaments (183). The cooper-
ative mode of polymerization and the self-assembly of the
polymers into tubular structures (192) are reminiscent of the
assembly of microtubular structures from eukaryotic tubulin,
which also are composed of heterodimer subunits (��-tubu-
lins). BtubA/B polymerization is also associated with an in-
crease in GTPase activity, similar to the polymerization-depen-
dent GTPase activation that occurs with both tubulin and FtsZ
polymerization. The BtubA/B tubular structures are thicker
than eukaryotic microtubules (�40-nm versus 25-nm outside
diameters) and are composed of two layers of protofilaments
instead of a single layer. Stable polymers were also formed
when BtubA and BtubB were coexpressed in E. coli cells, as
shown by the formation of long, straight filaments that reacted
with anti-BtubB antibody (192). Similar localization studies
have not yet been done in P. dejongeii to confirm the likely
supposition that the intracellular tubular structures are com-
posed of BtubA/B. Since P. dejongeii does not contain an
equivalent of the tubulin homolog FtsZ in the 95% of the
genome that has been completed, it is conceivable that
BtubA/B might also play a role in cytokinesis.

Microtubule-like structures in Verrucomicrobia. Ectosymbi-
onts of marine hypotrich ciliates (Euplotidium species) have
been characterized as Verrucomicrobia, the division that also
includes P. dejongeii (see above), although they are distinct
from P. dejongeii (158). During one stage of its complex life
cycle, the ectosymbiont develops an extrusive apparatus de-
signed to protect against predators. The apparatus is sur-
rounded by a basket consisting of bundles of tubular structures
which remain within the cell after the apparatus is extruded.
The outside diameter of the tubules is �22 nm, and the diam-
eter of the lumen is �13 nm (cited in reference 158), similar to
the dimensions of eukaryotic microtubules (206). The tubules
react with several monoclonal antitubulin antibodies and dis-

assemble in the presence of the microtubule inhibitor nocoda-
zole, supporting the idea that they are counterparts of eukary-
otic microtubules (158, 173). The constituents of these tubular
structures have not yet been identified, and it is not yet known
whether the organisms contain Btub homologs.

The fact that microtubular structures are present in these
organisms and the demonstration that the BtubA/B proteins of
P. dejongeii resemble ��-tubulins in their ability to polymerize
into tubular structures suggest that the verrucomicrobial sys-
tems may prove useful for the study of aspects of tubulin and
microtubule behavior, especially if appropriate genetic systems
can be developed.

Intermediate Filament Protein Homologs

Intermediate filament proteins comprise the third major
class of eukaryotic cytoskeletal protein. Until the identification
of the bacterial IF-like protein crescentin, IF proteins were
believed to be unique to animal cells (25). The major role of
intermediate filaments is to act as a skeletal scaffold that helps
maintain cell shape and cellular and nuclear integrity by pro-
tecting against mechanical stresses (reviewed in references 71,
72, and 104). There are a number of eukaryotic IF protein
subclasses, based on sequence analysis and cellular distribu-
tion. These include cytoplasmic IF proteins (keratins, vimentin
and desmin, and neurofilament triplet proteins) and nuclear
lamins (71, 72, 104). The association of intermediate filaments
with microtubules is required for the maintenance of the IF
network (reviewed in reference 22).

Crescentin. Crescentin is the only cytoskeletal IF homolog
thus far identified in prokaryotic cells. It is responsible for the
shape of the comma-shaped organism C. crescentus (8) and was
identified in a screen for C. crescentus transposon insertion
mutations that affected cell shape. Loss of the structural gene
for crescentin, creS, leads to a change in cell shape from
comma to rod. The assignment of crescentin as an IF protein
homolog is based primarily on its predicted protein domain
organization. Crescentin has approximately 25% sequence
identity and 40% similarity to eukaryotic IF proteins. However,
it was pointed out that there are similar degrees of sequence
similarity to non-IF proteins that contain extensive coiled-coil
motifs (8). More specifically, crescentin and IF proteins share
a predicted domain organization of four central coiled-coil
structures with a characteristic discontinuity in the heptad re-
peat structure within the last coiled-coil segment (72).

Evidence that crescentin forms a cytoskeletal structure
within the cell came from immunofluorescence studies showing
that crescentin is present as an extended filamentous structure
along the concave side of the C. crescentus cell (Fig. 4C) (8).
This was confirmed in living cells by study of nonfunctional
crescentin-GFP fusions which were coexpressed with untagged
crescentin and by the observation that the curved shape of the
cell is lost when crescentin is absent (8). These results suggest
that the filamentous structure along the inner curve of the cell
is a crescentin-based cytoskeletal element that establishes or
maintains the comma shape of the cell.

The presumption that the curved cellular filamentous struc-
tures are composed of crescentin is supported by in vitro stud-
ies showing that purified crescentin rapidly self-assembles into
long filaments. The self-assembly process does not require
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nucleotides or other cofactors, thereby resembling IF protein
polymerization and differing from the polymerization of bac-
terial or eukaryotic tubulin or actin homologs (8). The cres-
centin filaments also resemble eukaryotic IFs in their fast
assembly and viscoelastic properties, indicating that the cres-
centin network is solid-like and resistant to mechanical strains
(Osigwe Esue and Denis Wirtz, personal communication).
However, crescentin filaments differ from eukaryotic IFs in
their poor mechanical resilience and absence of strain stiffen-
ing after mechanical shearing.

Interestingly, crescentin and MreB cytoskeletal structures
are both required for production of a comma-shaped cell. In
the absence of MreB, C. crescentus cells become spherical
despite the presence of crescentin, whereas loss of crescentin
in the continuing presence of MreB leads to a comma-to-rod
transition (8). This implies that MreB is required for the lon-
gitudinal mode of cell growth that leads to a rod shape,
whereas the role of crescentin is to impart a curvature to the
rod-shaped cell. The curved shape is not intrinsic to the cres-
centin polymeric structure, since crescentin polymerizes in
vitro into linear filaments. The fact that isolated murein sacculi
of C. crescentus retain their general curved shape (163) also
argues against the idea that a rigid crescentin skeletal structure
plays a mechanical role in shape determination. Thus, it ap-
pears that crescentin acts indirectly in establishment of the
comma shape by directly or indirectly affecting the cellular
organization of the shape-determining murein biosynthetic
machinery. MreB is normally required for organization of the
murein biosynthetic components into a longitudinal helical
arrangement (discussed above). Because crescentin alters cell
shape only in cells that also contain MreB, crescentin may act
by imparting a curved shape to the otherwise longitudinal
helical organization of the MreB cytoskeleton, thereby second-
arily altering the cellular distribution of the murein biosyn-
thetic machinery.

The MinD/ParA Class of Bacterial Cytoskeletal Proteins

In addition to homologs of eukaryotic cytoskeletal proteins,
bacterial cells contain another group of cytoskeletal proteins
that have no homology to eukaryotic cytoskeletal elements.
These belong to the large MinD/ParA superfamily. They are
characterized by the presence of deviant Walker A-type
ATPase motifs (102, 222) and are classified as cytoskeletal
proteins on the basis of their presence in organized filamen-
tous structures within cells and, where examined, their ability
to self-assemble into long polymeric filaments in vitro. The
use of Walker-type ATPase proteins as cytoskeletal compo-
nents appears to be unique to bacterial cells. They are dis-
tinguished from the large group of noncytoskeletal Walker
type ATPases by the presence of a deviant Walker A motif
(GXGGXHK[TS]) within the nucleotide-binding P-loop
that is located near the N termini of the proteins (102),
although a few noncytoskeletal bacterial proteins also
contain the deviant Walker A motif, including NifA,
ArsA, and others (102, 222).

We divide the MinD/ParA proteins into two subgroups. Pro-
teins of the MinD subgroup are involved in placement of
bacterial and plastid division sites, whereas proteins of the
ParA subgroup are involved primarily in DNA partition. MinD

homologs in eubacteria and plastids have a highly conserved
six-amino-acid sequence called the MinD box (GLRNLD)
which is not present in proteins of the ParA subgroup (224).

Subgroup 1: MinD. (i) The MinCDE system. MinD is a
cytoskeletal protein that plays a key role in determining the site
of septal placement in E. coli, in cooperation with the other
two gene products of the min operon, MinC and MinE (re-
viewed in reference 175). Min proteins also regulate division
site placement in other prokaryotic species and placement of
the organellar division sites of plastids of plants and photosyn-
thetic bacteria (5). The Min proteins restrict septation to the
desired midcell site by preventing assembly of the division
machinery at sites nearer the ends of the cell. In E. coli this
involves a unique oscillation cycle in which the proteins be-
come concentrated within a membrane-associated polar zone
that oscillates from pole to pole. As discussed below, the pole-
to-pole oscillation of the Min proteins involves the cyclical
redistribution of the proteins within a MinD cytoskeletal
framework that extends along the length of the cell (187). In B.
subtilis, which lacks a MinE homolog, nonoscillating MinCD
polar zones are present at both ends of the cell (135, 136).
Formation of the B. subtilis polar zones is regulated by the
DivIVA protein, which is unrelated to MinE and appears to
utilize a different localization mechanism (42, 43). Some bac-
teria, such as C. crescentus, lack Min protein homologs, and it
is not known how division site selection is carried out in these
organisms. The cytoskeletal organization of the Min proteins
has thus far been reported for the E. coli (187) and Neisseria
gonorrhoeae (201) proteins.

(ii) The MinD cytoskeleton. High-resolution fluorescence
microscopy using optical sectioning and deconvolution tech-
niques have shown that MinD molecules, together with MinC
and MinE, are organized into helical structures that coil
around the E. coli cell cylinder just inside the cytoplasmic
membrane (Fig. 6A to D) (187). In some cases the structures
appear to be composed of a pair of intertwined helical strands.
Although the MinD helical structures resemble the coiled
structures that comprise the MreB cytoskeleton (compare Fig.
2A and 6B), the MreB and MinD helical arrays are indepen-
dent structures as shown by their different helical densities
(188) and by the differences between localization of the MreB
and MinD coiled structures during the cell cycle. Although it is
likely that each helical strand is composed of several MinD
polymers, it is not known whether each strand consists of
MinD polymers that extend from the cell pole to the end of the
helical structures, as indicated in Fig. 6H, or whether each
helical strand is composed of an array of shorter polymers.

In the original studies describing the helical organization of
the Min system, the coiled MinD structures were clearly seen
only in cells expressing MinD and MinE or expressing all three
Min proteins. This suggested that MinE might be needed for
organization or stability of the helical arrays. Since then, how-
ever, MinD helical structures extending between the two ends
of the cell have been visualized in the absence of MinE or
MinC (L. Ma and L. Rothfield, unpublished observations).
Consistent with the conclusion that MinD is the basic struc-
tural element of the Min cytoskeletal structures, MinC and
MinE are present in these structures only when MinD is also
present (187).

In the absence of MinE, the coiled MinD or MinD/MinC
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structure appears to extend between the two ends of the cell.
However, MinE provokes the dramatic redistribution of most
of the MinD, MinE, and MinC molecules to the helical coils at
one end of the cell (the polar zone) (Fig. 6A to D) (187). In
addition to its presence in the polar zone, in many cells MinE
is also present in a second structure, the MinE ring. The MinE
ring represents an extension of the polar MinCDE helical
structure, within which a high concentration of MinE gives the
appearance of a ring (Fig. 6C). The polar zones and E-rings
undergo repetitive pole-to-pole oscillations in which the struc-
tures are repetitively assembled and disassembled at alternate
poles with a period of �90 s per cycle (78, 167, 168, 177), as
discussed further below.

(iii) MinD structure. The crystal structures of MinD from
three thermophilic organisms have been determined, i.e.,
MinD-1 of Archaeoglobus fulgidus (24) (Fig. 1C), MinD of
Pyrococcus furiosus (68), and MinD-2 of Pyrococcus horikoshii
(180). The three proteins are similar in primary sequence and
three-dimensional structure. The proteins were crystallized as
the ADP-bound form (68, 180), as MinD bound to the ATP
analog AMPPCP (68), and as the nucleotide-free protein (24).
In all cases MinD was present as a monomer. Gel filtration
studies have suggested that MinD at relatively high concentra-
tions can dimerize in the presence of ATP (76), and it has been
proposed that ATP-induced dimerization plays a role in the
membrane association of MinD (76, 77). The failure to observe
dimers in the X-ray studies may reflect the failure to thus far
crystallize the native ATP-bound form of the protein.

The structures of MinD from the thermophilic species have
been extensively used to guide structure-function studies of E.
coli and other organisms (77, 128, 201). However, there have
not yet been any studies of biological function or cellular or-
ganization of MinD in the thermophilic organisms. In addition,
the thermophilic strains lack apparent MinC and MinE coun-
terparts. Thus, it is not known how functionally similar the
thermophilic MinD proteins are to the MinD proteins of E.
coli, B. subtilis, and N. gonorrhoeae, for which most cell biolog-
ical studies have been done but whose three-dimensional struc-
tures have not yet been determined.

(iv) MinD polymerization. MinD polymerizes into short
double-stranded filaments when incubated with ATP, with a
filament width sufficient to accommodate one linear MinD
polymer in each strand (198). Strikingly, the addition of bilayer-
bounded phospholipid vesicles causes the MinD filaments to
increase greatly in number and length and to self-associate into
filament bundles, consistent with the idea that the protofila-
ments of the MinD helical cytoskeleton self-assemble on the

FIG. 6. Helical organization of the MinD/ParA cytoskeletal pro-
teins. (A to D) Fluorescently labeled MinD (A and B), MinE (C), and
MinC (D). (Reprinted from reference 187 with permission of the
publisher. Copyright 2003 National Academy of Sciences, U.S.A.) (A
and B) Helical distribution of MinD when coexpressed with MinE.
(A) A bright MinD helical structure is present at one end of the cell,
representing a MinD polar zone (white arrow). A less intense coiled
structure extends to the other end of the cell, presumably representing
the underlying pole-to-pole MinD helical structure. (B) Short MinD
polar zones are visible at both ends of the cell (white arrows), one
presumably representing a growing zone and the other representing a
polar zone at the opposite end of the cell, in the last stage of disas-
sembly, as depicted in panel H. (C) Helical distribution of MinE when
coexpressed with MinD. The majority of the MinE molecules are
present in an end loop (the MinE ring, red arrow) of the MinE helical
array that represents the polar zone. The white arrow indicates polar
zone coils. Micrographs in panels A to C are deconvolved images.
(D) Helical distribution of MinC when coexpressed with MinD and
MinE (three-dimensional reconstruction from an optically sectioned
cell). The arrow indicates the MinC coils of the polar zone. (E) Helical
distribution of fluorescently labeled ParA from plasmid pB171. 1,
Nomarski image; 2, raw image; 3, deconvolved image. (Reprinted from
reference 39 with permission from Blackwell Publishing.) (F) Mecha-
nism of MinD polymer growth on the cytoplasmic face of the inner
membrane by addition of MinD-ATP subunits. (G) Stimulation of
disassembly of MinD-ATP polymer by a MinE ring. MinE molecules

in the E-ring stimulate the ATPase activity of the terminal MinD-ATP
subunit in the polymer. Hydrolysis converts MinD-ATP to MinD-
ADP, which is released from the end of the polymer. (H) Cyclic
assembly and disassembly of the MinD helical polar zones (PZ) and
MinE ring, leading to pole-to-pole oscillations. MinD-ATP subunits
are yellow, MinD-ADP subunits are orange, and MinE subunits are
green. See text for details. The solid yellow helical structures represent
the underlying MinD helical structure that extends between the two
ends of the cell. MinD helical structures also contain MinE and MinC,
which are not shown for simplification.
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surface of the cytoplasmic membrane.
Addition of MinE significantly increases the extent of bun-

dling (Fig. 7A) (198). This implies increased side-by-side in-
teractions of the MinD protofilaments, due either to MinE
cross-linking or to MinE-induced conformational changes.
MinE exists as an antiparallel dimer, with the N-terminal do-
main of each of the two subunits extending from opposite sides
of the dimer structure (100). Since the N-terminal domain
contains the MinE sites which interact with MinD (127), this
provides a plausible mechanism whereby MinE dimers can
cross-link adjacent MinD filaments to form the MinD bundles
(198). The ability of MinE to induce bundling of MinD fila-
ments could explain the increase in protofilament number that
is implied by the high concentration of MinD and MinE within
the helical coils of the polar zones (Fig. 6A and C).

Paradoxically, MinE also causes disassembly of the MinD
filaments in a process that involves activation of the MinD
ATPase activity (79, 198). This may be related to the observa-
tion that the thick MinD bundles that form in the presence of
MinE and phospholipid show marked fraying, predominantly
at one end of the filament bundle (198) (Fig. 7A). This implies
that in addition to interacting along the length of the filaments
to promote bundling, MinE may also bind to one end of the
filament bundle. This may explain the fact that the MinE ring

is formed at only one end (the medial end) of the helical
structure that comprises the MinDE polar zone (Fig. 6C and
H). The fraying could represent a stage in the filament disas-
sembly reaction that is induced by MinE in vitro (198) and by
the MinE ring in vivo (186). Similar fraying occurs at one end
(the plus end) of microtubule bundles during microtubule dis-
assembly (7). It is not known whether the MinD bundling and
fraying effects can be dissociated by varying the MinE concen-
tration.

(v) Membrane targeting of MinD. The membrane associa-
tion of MinD is mediated by a C-terminal membrane-targeting
sequence (MTS) that varies between 8 and 12 amino acids in
different species (77, 202). The isolated MTS is unstructured in
an aqueous environment but is converted to an amphipathic
�-helix when it interacts with phospholipid bilayers (203). The
C-terminal region that comprises the MTS of the A. fulgidus
MinD (determined in the absence of phospholipid) is also
unstructured (24). The hydrophobic side chains of the amino
acids on the nonpolar face of the amphipathic helix intercalate
into the bilayer, thereby anchoring the protein to the mem-
brane (203, 226). The membrane association is then stabilized
by polymerization of the membrane-bound MinD (203).

MinD molecules from many species contain a similar MTS,
and a similar MTS also mediates the membrane attachment of
the E. coli cell division protein FtsA (159). The MTS sequences
of FtsA and MinD can be interchanged without significant
effect on membrane binding or protein function (159). Al-
though all MinD MTSs are predicted to have a high propensity
to form amphipathic helices, there are differences in sequence
and in the length of the helices that can lead to differences in
affinity for different lipids and in strength of membrane binding
(203). This may provide a mechanism to optimize the protein
for use in organisms with different membrane phospholipid
compositions (203).

The MinD MTS can be replaced by the totally unrelated
hydrophobic 43-amino-acid membrane anchor of cytochrome
b5 without interfering with its targeting to the E. coli mem-
brane and formation of the membrane-associated helical cy-
toskeletal structures (204). However, MinD containing the
cytochrome b5 membrane anchor loses the ability to form
polar zones in E. coli cells in the presence of MinE (204).
This may indicate that the large hydrophobic cytochrome b5

membrane-binding domain may prevent redistribution of
the membrane-associated MinD by increasing the strength
of its membrane association.

Some putative MinD homologs do not contain a recogniz-
able MTS. The significance of this is unknown, since biological
or biochemical studies of MinD function have been carried out
only with a few species.

(vi) MinD-bilayer interactions. MinD is the first well-stud-
ied example of a bacterial cytoskeletal element that binds di-
rectly to membranes. MinD binds to phospholipid vesicles in
the presence of ATP or a suitable nonhydrolyzable ATP ana-
log, but not in their absence (76, 110). Therefore, nucleotide
binding is sufficient to support the membrane binding of MinD.
It has been suggested that the role of ATP binding is to pro-
mote the formation of MinD dimers in the cytoplasm, leading
to a conformational change that exposes the membrane-bind-
ing sequences (126). Consistent with this model, ATP induces
formation of MinD dimers in the absence of phospholipid,

FIG. 7. In vitro polymerization of cytoskeletal proteins of the
MinD/ParA superfamily. (A) Formation of MinD filament bundles in
the presence of MinE, ATP, and phospholipid vesicles. One end of the
bundle is markedly frayed because of the presence of MinE. (Re-
printed from reference 198 with permission of the publisher. Copyright
2003 National Academy of Sciences, U.S.A.) (B) Formation of a
ParApTP228(ParF) filament bundle in the presence of ParBpTP228(ParG)

and ATP. ParBpTP228(ParG) stimulates formation of the frayed end(s) of
the ParApTP228(ParF) bundle. (Reprinted from reference 11 by permis-
sion from Macmillan Publishers Ltd.) (C) Formation of Soj filaments
in the presence of DNA and ATP. (Reprinted from reference 116 by
permission from Macmillan Publishers Ltd.)
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although at relatively high concentrations of MinD (77). Al-
ternatively, rather than acting by promoting MinD dimeriza-
tion, ATP binding may induce a conformational change that
exposes or activates the membrane-targeting domain, with oli-
gomerization occurring after membrane association (202, 204).
Consistent with this idea, loss of membrane binding due to
removal of the MinD MTS leads to a 25-fold reduction in
MinD-MinD interaction in yeast two-hybrid assays (204).

Strikingly, the ATP-dependent interaction of MinD with
phospholipid vesicles leads both to MinD polymerization and
to vesicle deformation, with the formation of long lipid tubes
approximately 50 to 100 nm in diameter that extend from the
vesicle surface (76). Tubulation was not reported in another
study of MinD-vesicle interactions, where the MinD filaments
were observed to often wrap around and deform the lipid
vesicles (198). This difference presumably reflects differences
in protein preparations or experimental conditions. The ATP
analog ATP	S did not induce tubulation, although it did pro-
mote MinD binding to vesicles. The reason for this has not
been clarified (76).

Addition of MinE reverses the tubulation reaction, presum-
ably because of its ability to stimulate MinD polymer disas-
sembly (discussed below). Tubulation of phospholipid vesicles
is also induced by several eukaryotic proteins involved in ves-
icle formation and by dynamin (85, 200). It would be of con-
siderable interest if a similar tubular deformation of the cyto-
plasmic membrane is associated with MinD polymerization in
vivo. However, there is as yet no evidence that the tubulation
phenomenon has any biological significance, and it may be
restricted to the in vitro system. Nevertheless, it suggests that
some type of perturbation of the membrane bilayer could play
a role in MinD function within the cell.

(vii) Dynamic rearrangements of the MinD cytoskeleton.
Pole-to-pole oscillation of the Min proteins is essential for
their role in division site selection (175). The oscillations result
from an ordered sequence of cytoskeletal rearrangements in
which MinC, MinD, and MinE molecules are redistributed
from polar coils at one end of the cell into the polar coils at the
other end of the cell. During these events, the underlying
helical structure that extends between the two ends of the cell
appears to remain in place. The cytoskeletal rearrangements
that lead to the pole-to-pole oscillatory behavior are believed
to occur in the following way (Fig. 6F to H).

(a) Polar zone assembly. Membrane-associated MinD-ATP
polymerizes in a helical pattern from the cell pole toward
midcell, possibly using a preexisting MinD helical cytoskeleton
that extends the length of the cell as a scaffold or template (Fig.
6A, F, and H). It is not known whether polymerization initiates
at preexisting nucleation sites near the poles or occurs stochas-
tically without specific nucleation sites. A mathematical model
that includes polar nucleation sites reproduces all of the rele-
vant characteristics of the oscillatory system, including the E-
ring and polar zones (36). However, stable self-perpetuating
oscillatory systems can also be generated in the absence of
polar nucleation sites, as shown by other mathematical treat-
ments that include neither polymers nor nucleation sites but
are based only on the diffusion characteristics and assumed
affinities of the proteins for each other and for the membrane
(81, 98, 105, 138). During assembly of the polar zone, MinD
recruits MinC and MinE, converting the helical MinD polar

zone to a MinDCE polar zone. Attachment of MinC and MinE
may take place after MinD has polymerized on the membrane
surface, although the primary interactions with MinD could
also occur in the cytosol (204), with MinD-MinC and/or MinD-
MinE complexes moving to the membrane concurrent with
MinD polymer assembly.

(b) MinE ring assembly. When the growing ends of the MinD
polymers approach midcell, addition of MinD-ATP slows and
MinE assembles at the growing ends of the helical protofila-
ments to create a MinE-enriched extension of the coiled struc-
tures (the E-ring) (Fig. 6C and H). The ability of MinE to
outcompete MinD probably reflects depletion of the cytoplas-
mic pool of MinD that occurs during growth of the polar zone
(36). The E-ring is believed to play two roles. First, it blocks
extension of the polar zone past midcell by acting as a cap to
prevent further addition of MinD subunits. This was suggested
by the observation that MinE mutations that prevent forma-
tion of the E-ring lead to growth of the polar zones well beyond
their normal limit near midcell (186). Second, the E-ring acti-
vates the MinD ATPase activity at the leading edge of the
MinD-ATP polymers (79).

(c) Polar zone disassembly. Activation of the MinD ATPase
leads to conversion of MinD-ATP to MinD-ADP, which is
released from the end of the MinD polymer because of its low
affinity for the membrane (Fig. 6G). This results in progressive
shortening of the coiled MinDCE polar structure until it dis-
appears together with the E-ring (Fig. 6H). In vitro studies
show that MinD-ADP is released from phospholipid vesicles
into the aqueous medium when the MinD ATPase is activated
by MinE (76, 110). If this accurately mimics the disassembly of
the polar coiled structures in vivo, it would imply that disas-
sembly is accompanied by release of the proteins into the
cytoplasm, as suggested by fluorescence microscopy of labeled
MinD in intact cells (168).

(d) Oscillation. The released MinD-ADP is converted to
MinD-ATP and moves to the other pole to repeat the assem-
bly-disassembly cycle, thereby continuing the oscillation cycle
(Fig. 6F and H). The proteins may move to the opposite end of
the cell by simple diffusion or by some undefined facilitated
translocation mechanism. Based on the known diffusion rates
of molecules within the E. coli cytoplasm (approximately 2.5

m2 s�1) (44), movement by simple cytoplasmic diffusion
would be fast enough to account for the temporal character-
istics of the oscillation process (36, 81). There is no evidence
that the proteins are transported to the opposite pole by move-
ment along the helical MinD structure or along another cy-
toskeleton-like structure, although this possibility has not been
definitively excluded. The Min oscillatory system functions in
the absence of MreB (188), eliminating the possibility that the
MreB cytoskeleton participates in the end-to-end translocation
of the Min proteins.

The energy to drive the oscillation cycle comes from the
topological coupling of MinD-ATP hydrolysis to the assembly
and disassembly of the helical filamentous structures. Cycles of
polymer assembly and disassembly driven by nucleotide bind-
ing and hydrolysis also play a key role in the biological function
of the ParM protein (discussed above).

Subgroup 2: type I plasmid partitioning proteins. Many
systems responsible for the equipartition of low-copy-number
plasmids into daughter cells use plasmid-encoded cytoskeletal
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structures as part of the DNA segregation machinery. Type I
partitioning systems are the most common of the plasmid par-
titioning systems and are defined by the presence of Walker-
type ATPase proteins that are related to the MinD protein of
the division site selection system (41, 69). Type II partitioning
systems utilize actin homologs as the cytoskeletal ATPase com-
ponent in the partitioning system. Occasionally the same plas-
mid contains both type I and type II partitioning systems, as in
the case of E. coli and Salmonella enterica serovar Typhi-
murium plasmids pB171 and R27 (41). The type I and type II
partitioning systems represent the two major mechanisms of
ensuring stable inheritance of low-copy-number plasmids in
bacterial cells. For a review of plasmid partitioning mecha-
nisms, see references 41 and 69.

In this section we discuss the cytoskeletal aspects of type I
plasmid partitioning systems. We also separately discuss the
chromosomal Soj protein, which is a member of the same
Walker-type ATPase family. Chromosomal ParA and ParB
homologs that are required for faithful chromosome partition
in several organisms have also been identified (4, 62, 99, 144),
but there is as yet no evidence that these are present in cy-
toskeletal structures. Type II systems, exemplified by the ParM
protein of plasmid R1, were discussed elsewhere in this review.

(i) ParA/B proteins in plasmid partitioning. All of the
known type I partitioning systems consist of a cis-acting cen-
tromeric DNA site (variously named parC or parS and called
parC [centromere] below in this review) and two plasmid-
encoded proteins. The three components are normally en-
coded by partitioning loci (par loci) within the plasmid ge-
nome, although the protein components can function even
when expressed in trans to the centromeric DNA (41, 154).
The first protein is the Walker-type ATPase, variously named
ParA, SopA, or Par F and called ParA below in this review [for
example, ParAF(SopA)]. [In the terminology used for type I
plasmid partition proteins, ParA and ParB represent the Walker-
type ATPase protein and the centromere-binding protein, re-
spectively. Superscripts indicate the plasmid name and, in pa-
rentheses, the common name of the protein in the specific
plasmid. For example, ParBF(SopB) refers to the centromere-
binding partition protein of plasmid F, which is commonly
called SopB.] The ParA proteins are responsible for segregat-
ing the two daughter plasmids to opposite halves of the cell.
The ParA proteins show sequence similarity to MinD and to
each other, chiefly within the deviant Walker-type ATPase
motifs. They lack the C-terminal membrane-targeting se-
quence that anchors MinD to the cytoplasmic membrane, and
there is no evidence that the ParA proteins are membrane
associated. ParA proteins also lack the MinD box that is char-
acteristic of MinD proteins (224). The second protein, vari-
ously named ParB, SopB, or ParG, is a specific centromere-
binding protein and is called ParB below in this review [for
example, ParBF(SopB)]. ParB is required to provide a link be-
tween the plasmid and the ParA protein. It has been suggested
that ParB may also be responsible for pairing of the two newly
replicated plasmids to facilitate plasmid segregation as in the
type II partitioning system (94, 154), although other models
that do not require plasmid pairing have been suggested (41).
Both ParA and ParB proteins may also play a role in transcrip-
tional autoregulation of the par operon (41, 69).

(ii) ParA cytoskeletal structures. Although only a few sys-
tems have been studied in detail, there is increasing evidence
that MinD and the ParA plasmid partitioning proteins share
the ability to assemble into dynamic cytoskeleton-like struc-
tures within E. coli cells. At this time the evidence is too
fragmentary to clearly define the mechanisms used by the ParA
cytoskeletal structures to carry out plasmid partition, but a
number of important clues are emerging. We will concentrate
here on a few systems for which information is available and
the results seem clearest.

The ParA proteins that have been shown to form cytoskel-
eton-like structures in vivo are exemplified by ParAF(SopA) (2)
and ParApB171(ParA) (39), which are present as extended helical
patterns (Fig. 6E) whose general appearance resembles the
MinD helical arrays (Fig. 6A to D). The coiled structures vary
in distribution in different plasmids. For example, ParAF(SopA)

helical structures appear to extend between the two poles (2),
whereas the ParApB171(ParA) helical arrays are localized over
the nucleoid (39). It is not known what determines these dif-
ferences. Although ParB can also be present in the coiled
arrays [e.g., ParBF(SopB) (2)], ParB proteins are not an essential
part of the cytoskeletal structures. Thus, the ParAF(SopA) (2)
and ParApB171(ParA) (39) helical patterns are present in cells
that do not express ParB, and the presence of ParB F(SopB) in
the coiled structures is dependent on the presence of the cor-
responding ParA protein (2).

(iii) ParA polymerization. ParA proteins [i.e., ParAF(SopA)

(120) and ParApTP228(ParF) (10, 11)] polymerize in vitro into
filamentous structures that are likely to be equivalent to the
protofilaments of the in vivo cytoskeletal structures. The ParA
polymerization systems resemble the MinD system in several
respects, with ParB acting as an auxiliary protein analogous to
MinE. First, MinD polymerization and ParAF(SopA) and
ParApTP228(ParF) polymerization are greatly stimulated by ATP
(11, 120). In the MinD and ParApTP228(ParF) polymerization
systems, ATP can be replaced by a nonhydrolyzable analog,
indicating that it is ATP binding, rather than ATP hydrolysis,
that is required for polymerization in both cases (11). Second,
low concentrations of ParBpTP228(ParG) potentiate the forma-
tion of ParA polymers, as shown by a significant increase in
filament length and formation of bundles of protofilaments
with a single frayed end (Fig. 7B) (11). These resemble the
MinD bundles formed in the presence of MinE (198) (Fig.
7A). Third, the ATPase activity of ParApTP228(ParF) is stimu-
lated and polymer accumulation is inhibited by high concen-
trations of ParBpTP228(ParG) (11), possibly due to an increase in
the rate of disassembly. This resembles the effects of MinE on
the stability of MinD polymers in the presence of phospholipid
bilayers. The ATPase stimulation is augmented in the presence
of nonspecific DNA (11), raising the possibility that DNA may
provide a suitable platform for the ParApTP228(ParF) polymer-
ization system in vitro and perhaps also in vivo, analogous to
the role of phospholipid bilayers in the MinD system.

(iv) ParA oscillation. The similarity in behavior of the MinD
and ParA proteins extends to the fact that some ParA proteins
also show oscillatory behavior, with movement of foci between
two positions within the cell. It should be noted that the ParA
oscillatory systems have been less extensively studied than their
Min counterpart, and the back-and-forth movement of the pro-
tein that comprises a complete cycle has not always been de-
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scribed, nor have the movements in most cases been followed for
more than one cycle to confirm their repetitive nature. Oscillation
has been observed between the cell quarters [ParAF(SopA) (120)],
between the cell poles [ParAF(SopA) (quoted in reference 2)], and
over the nucleoid region [ParApB171(ParA) (39, 40)]. In at least
one case [ParApB171(ParA)], it is clear that the oscillation re-
flects redistribution of the proteins within the coils of the ParA
helical array (39), thereby also mimicking the Min oscillatory
system (Fig. 6). The oscillation periods of ParApB171(ParA) and
ParAF(SopA) are approximately 20 min (40, 120), significantly
slower than the reported MinD oscillation rates (168). How-
ever, the oscillation rate of MinD is significantly affected by the
MinD/MinE ratio (168). The possibility that variations in
ParA/ParB ratios could similarly affect the ParA oscillation
rate has not yet been systematically examined.

Interestingly, although ParApB171(ParA) formed helical struc-
tures in the absence of ParB, oscillation required the presence
of both ParBpB171(ParParB) and parCpB171(parC) DNA (39). This
is reminiscent of MinD oscillation, which also requires an
accessory protein, MinE. It is likely that the ParA cytoskeletal
structures play an important role in moving the daughter plas-
mids to their final positions in the two halves of the cell. This
is implied by the observation that ParAF(SopA) appears to shut-
tle between ParB foci (presumably representing ParB bound to
plasmid parC sequences) that are located near the cell quarters
(120). Additionally, a ParAF(SopA) mutation that prevented
ParA oscillations but did not prevent formation of intracellular
ParA filamentous structures resulted in a defect in plasmid
partition, implying a possible connection between the oscilla-
tion process and normal plasmid partition (120).

It is unclear how the cytoskeletal structures or the oscillatory
behavior of the Par proteins mediates the plasmid transloca-
tion events. No single model is consistent with all of the
present information. The following possibilities can be consid-
ered. (i) The ParA helical structure could function as a high-
way, with the ParB-plasmid complex acting as a cargo that is
actively translocated to the ends of the ParA helical filaments
in each half of the cell. (ii) The type I partition systems may
resemble the E. coli Min system, with rapid pole-to-pole oscil-
lation generating a concentration gradient in which the time-
averaged concentration of a component (for example, the plas-
mid centromere-binding ParB protein) is high at two locations,
one at each end of a normal length cell. This has been modeled
mathematically for F plasmid partition in a complex model that
includes other characteristics of the ParAF(SopA)/ParBF(SopB)

partition system and is based on a reaction-diffusion mecha-
nism similar to that used in analyses of the Min oscillatory
system (2). However, the ParA oscillations are quite slow com-
pared to the Min oscillatory system (15 to 20 min versus 1 to 2
min), and a mechanism may be needed to keep ParB, and
hence the ParB-plasmid complex, from diffusing away from its
initial localization site between cycles. Another mathematical
model includes ParA-nucleoid interaction and ParB-induced
ParA polymer degradation and leads to oscillatory ParA waves
although not to plasmid segregation (84). (iii) The type I par-
tition systems may utilize a mechanism similar to the ParM
system of plasmid R1 (discussed above). Growth or shrinkage
of a ParA polymeric cytoskeletal array would push or pull the
daughter plasmids to their final positions in the two halves of
the cell. In this regard, it has been observed that incubation of

ParAF(SopA) together with the corresponding ParB protein and
parCF(sopC)-containing DNA led to formation of radial thin
projections (asters) extending from a central core that in-
cluded parC DNA and ParB protein (120). It was suggested
that two similar structures, anchored to the two poles by the
aster fibers, could be assembled on the progeny plasmids at
midcell. ParAF(SopA) polymerization between the two struc-
tures would push the plasmids to the two ends of the cell. In
this mitotic spindle-like model, plasmid separation could
also occur by shortening of the putative polar aster fibers.
Neither the asters nor the polar ParAF(SopA) fibers have yet
been visualized within cells, and it will be of interest to see
whether they are present in vivo.

The role of the ParA oscillatory behavior is obscure in all of
the models discussed above except the second model. The
possibility that different ParA-mediated partition mechanisms
are used by different plasmids cannot be excluded, since a very
limited number of systems have been studied. However, in view
of the rapid accumulation of new data in this area, it is likely
that the unanswered questions about these DNA partition
systems will be clarified in the near future.

Soj. The Soj protein of B. subtilis is a member of the MinD/
ParA family that performs several functions in concert with the
Spo0J protein (62, 86, 121, 224). Spo0J recognizes centromere-
like DNA sequences (parS) near the B. subtilis chromosomal
replication origin (121), thereby resembling the plasmid-en-
coded ParB proteins which recognize plasmid centromeric loci.
When the parS sequences are incorporated into low-copy plas-
mids, Spo0J and Soj function as a plasmid partition system that
leads to faithful plasmid segregation into daughter cells (121,
224). In this process Soj acts as the ParA protein and Spo0J as
the ParB equivalent.

Spo0J, but not Soj, is required for normal nucleoid segrega-
tion and for the oriented segregation of the chromosomal oriC
region into the forespore during sporulation in otherwise nor-
mal cells (223). Soj and Spo0J also regulate expression of
several genes during early stages of sporulation, with Soj acting
as a transcriptional repressor that can be counteracted by
Spo0J (21, 86). Soj has significant structural similarity to
MinD, the only other ParA homolog whose three-dimensional
structure is known (Fig. 1C) (116).

The normal biological role of Soj is not clear, although the
plasmid partition experiments make it clear that it has the
potential to function in DNA partition processes. Despite this,
loss of Soj does not have obvious effects on nucleoid segrega-
tion. However, the possibility that Soj may have some role in
chromosomal compaction, which is required for normal nucle-
oid partition, is suggested by the observation that loss of Soj in
cells that lack the Smc chromosome compaction protein sig-
nificantly increases the production of anucleate cells (114). Soj
may also affect the segregation of the chromosomal origins
(114). At this point the normal role of Soj in the life of the cell
is still poorly defined.

The Soj-Spo0J interaction that is suggested by their cooper-
ative roles in plasmid partition and sporulation is supported by
the observation that the ATPase activity of Soj is markedly
stimulated by Spo0J in the presence of nonspecific DNA (116).
It has been pointed out that this is analogous to the stimulation
of the ATPase activity of MinD by MinE in the presence of
phospholipid bilayers (116). In this view, MinD and MinE play
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roles similar to those of Soj and Spo0J, with the surface of the
membrane bilayer playing a role in the MinD/MinE system
that is equivalent to that of DNA in the Soj/Spo0J interaction
(116, 180). Soj and MinD are also similar in their ability to
dimerize in the presence of ATP (77, 116). It was suggested
that Soj dimerization may create a site for binding of Spo0J in
the presence of DNA (116). It was also suggested that a mech-
anism in which ATP-dependent dimerization leads to forma-
tion of a site for interaction with partner proteins (such as
Spo0J and MinE) might be conserved among Soj, MinD, and
ParA proteins, as well as some noncytoskeletal Walker-type
ATPases, such as the nitrogen fixation protein NifH (116).

Soj resembles many cytoskeletal proteins in its ability to
self-assemble into polymeric filaments in vitro in a reaction
that requires ATP and nonspecific DNA (Fig. 7C) (116). Al-
though there is no present evidence that Soj is present in
cytoskeleton-like elements within cells, the ability of Soj to
self-assemble in vitro into extended polymeric filaments, to-
gether with other properties that are similar to those of MinD
and ParA proteins, raises the possibility that Soj may also be
organized into filamentous cytoskeletal structures in intact
cells, although these have not yet been detected.

Soj also resembles other members of the MinD/ParA family
in undergoing repetitive changes in cellular localization in liv-
ing cells, although the Soj oscillations differ significantly from
the MinD and ParA patterns. Thus, GFP-labeled Soj localizes
in patches over nucleoid regions and undergoes irregular
Spo0J-dependent internucleoid and intranucleoid movements
(134, 166), especially between nucleoids located near the two
cell poles (9). Interestingly, the movements between nucleoids
were partially dependent on the presence of MinD and also
were suppressed by mutations that blocked cell division (9).
The biological relevance of the dynamic behavior of Soj is
unclear.

Other Filamentous Intracellular Structures

Other filamentous intracellular structures in prokaryotic or-
ganisms have been described. In these cases the responsible
proteins have frequently not been identified, and formation of
polymeric filaments in vitro has usually not been demon-
strated. These systems have not been studied to the extent of
those described above. The following are examples of these
structures.

Spiroplasma melliferum fibrillar structures. Arrays of longi-
tudinally oriented fibrillar structures have been observed by
electron microscopy of intact and disrupted cells of S. mel-
liferum (208–210). The structures contain a 55- to 59-kDa pro-
tein that has not been further identified. Electron cryotomog-
raphy (109) visualized two types of filaments located beneath
the cytoplasmic membrane in these cells. The filaments are
arranged in three parallel ribbons extending along the length
of the spiral-shaped organism. It was speculated that one of the
filamentous structures may consist of the 55- to 59-kDa protein
and the other of MreB (109). It has been suggested that these
extended structures are responsible for the movement of the
helical-shaped bacterium (109, 209).

Treponema phagodenis cytoplasmic filaments. T. phagodenis
cells contain arrays of approximately five parallel filamentous
structures that curve along the length of the spiral-shaped cell,

dependent on expression of the cfpA gene (89). Although this
distribution somewhat resembles the distribution pattern of
crescentin in comma-shaped cells (discussed above), CfpA
does not contain any predicted extended coiled-coil domains as
found in crescentin and other IF-type proteins. Because of
their locations relative to the periplasmic flagella of these or-
ganisms, a connection to cell motility has been suggested, al-
though there is no evidence of a structural link between the
flagella and the intracellular filamentous structures.

Myxococcus xanthus intracellular filaments. Long bundles of
submembranous filaments have been observed in M. xanthus
cells (18). These may be related to a protein, AglZ, which has
been implicated in regulation of gliding movement via the
A-motility system of these organisms. The N-terminal region
of AglZ resembles receiver domains of two-component re-
sponse regulator proteins, whereas its C-terminal region in-
cludes heptad repeats characteristic of the rod region of coiled-
coil proteins such as the myosin heavy chain (225). The latter
domain self-assembles into filaments in vitro and forms or-
dered parallel arrays of filaments when expressed in E. coli
(225). It is not known whether the intact protein forms similar
structures in Myxococcus or other organisms.

Mycoplasma pneumoniae filamentous structures. M. pneu-
moniae contains a complex rod-shaped intracellular structure
that appears to represent an internal cytoskeleton (70). Similar
structures have been observed in detergent extracts of intact
M. pneumoniae cells (139, 170).

Miscellaneous intracellular structures. There are a number
of examples where overproduction of a protein leads to the
formation of intracellular filamentous structures. In these
cases it is not clear whether these are polymerization artifacts
due to the high concentration of the protein or whether they
reflect an underlying propensity to form cytoskeleton-like
structures. An example of this phenomenon is the formation of
bundles of prominent axial filaments that extend along the
length of the E. coli cell when the protein Rng (also called
CafA) is overexpressed (219).

HELICES, HELICES, AND MORE HELICES

Within the past 5 years, a number of cytoskeletal proteins
have been shown to be present in extended helical structures
within the cell, as discussed in this review. In addition to the
cytoskeletal proteins, there are a growing number of other
proteins that have been shown to assume helical cellular pat-
terns. In these cases there is no evidence that the proteins can
self-assemble into filamentous structures, and it seems unlikely
that many of them will prove to be primary cytoskeletal ele-
ments within the cell. On the other hand, there is a good
possibility that their helical distribution could result from sec-
ondary interactions with primary cytoskeletal elements. Most
of these proteins are associated with the cytoplasmic mem-
brane. They include the following examples.

SetB

SetB is an integral E. coli membrane protein that is present
in helical structures along the length of the cell that resemble
the MreB coiled cytoskeleton (49). SetB interacts with MreB in
yeast two-hybrid experiments, suggesting that it may be asso-
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ciated with the MreB cytoskeleton in the cell. The setB gene
was identified as a multicopy suppressor of the chromosome
partition defect resulting from a mutation in the parC gene that
codes for a subunit of DNA topoisomerase IV (49). This and
other observations suggest that SetB is involved in regulation
of DNA conformation and/or segregation, although its exact
function is not yet clear.

Sec Proteins

The B. subtilis SecA and SecY proteins that are involved in
protein translocation across the cytoplasmic membrane also
assume a clustered distribution suggestive of a helical pattern
(19). Similarly, the E. coli SecG and SecE proteins also appear
to show a helical arrangement (190). This suggests that some
or all of the components of the secretory machinery of the
cytoplasmic membrane assume a similar organization, al-
though the details remain to be firmly established.

Tar

The aspartate chemoreceptor protein Tar is organized in
helical patterns during its assembly into the membrane prior to
its localization at the cell poles (190). These appear to reflect
its association with elements of the secretory machinery, which
also show a coiled distribution pattern (see above).

Outer Membrane Components

Interestingly, several outer membrane components are also
organized in a helical pattern along the long axis of the cell.
Outer membrane components that show helical patterns in-
clude LamB, a transmembrane outer membrane protein which
is distributed in highly mobile helical arrays (58); undefined
proteins that can be labeled by nonspecific dyes from outside
the cell (57); and lipopolysaccharide, which is located primarily
in the outer leaflet of the outer membrane, identified by con-
canavalin A binding (57). In addition, five C. crescentus outer
membrane proteins which were recovered from an MreC af-
finity column also showed clustering when their GFP-labeled
derivatives were studied, which was interpreted as representing
a spiral, punctate, or banding distribution pattern (35), as dis-
cussed earlier in this review.

In most of the examples cited above it is not known whether
the proteins are associated with other cytoskeletal structures or
whether they independently adopt a helical configuration
within the cell. For outer membrane components, the coiled
configuration could result from direct or indirect interactions
with helical elements such as MreC, which are exposed in the
periplasm (35), or by interaction with the murein sacculus,
which may possibly be organized in a helical pattern (Fig. 2H).

Why Is the Helical Distribution Pattern So Popular?

It is not clear why so many cytoskeletal proteins adopt a
helical cellular configuration. This could simply reflect the fact
that they are linear polymers composed of identical subunits,
constrained to the inner surface of a cylinder such as the inner
surface of the cytoplasmic membrane. In this case polymeriza-
tion would always lead to a helical or coiled configuration

unless the contact sites between subunits were 180° apart on
the surface of the protein (expressed relative to the long axis of
the subunit) and the initial axis of polymerization was parallel
or perpendicular to the long axis of the cylinder (see also
reference 46). This could explain the relatively large number of
apparently independent coiled structures in the cell. For struc-
tures such as the MreB cytoskeleton, which changes its helical
organization and cellular distribution in growing cells, changes
in the details of the subunit interactions and/or changes in
interactions with specific cellular sites would be needed to
explain the different arrangements that have been observed.
Other mechanisms to explain the large number of helically
organized proteins can also be imagined. These include a com-
mon, as yet unidentified, underlying helical scaffold structure
within the cell envelope and use of the helical murein as a
scaffold for inner or outer membrane proteins that have do-
mains exposed to the periplasm. It is likely that different mech-
anisms will be responsible for the coiled configurations of
different proteins.

EUKARYOTIC AND PROKARYOTIC
CYTOSKELETAL ELEMENTS

Properties and Functional Relationships

Prokaryotic cells contain homologs for each of the three
major groups of eukaryotic cytoskeletal proteins, i.e., actin,
tubulin, and intermediate filament proteins, as discussed in this
article. The three-dimensional structures of the eukaryotic and
prokaryotic actin and tubulin homologs are generally quite
similar despite relatively modest sequence homology in many
cases. Eukaryotic and prokaryotic cytoskeletal proteins also
share two important properties. First, they self-assemble into
filamentous polymers in vitro in the presence of ATP (for most
of the proteins) or GTP (for tubulin and tubulin homologs).
Second, they are organized into ordered long-range structures
within the cell.

In addition, eukaryotic and prokaryotic cytoskeletal ele-
ments participate in similar ranges of biological functions, in-
cluding chromosome segregation, cytokinesis, regulation of
cell shape, and establishment of cell polarity. Strikingly, how-
ever, the analogous function in prokaryotes and eukaryotes is
not always carried out by cytoskeletal proteins from the same
homology group. Thus, tubulin-based spindle fibers play a ma-
jor role in eukaryotic chromosome segregation, whereas the
similar function in prokaryotes is carried out by an actin ho-
molog, such as MreB or the ParM protein of plasmid R1, or by
representatives of the prokaryotic MinD/ParA group of cy-
toskeletal proteins which have no known eukaryotic equiva-
lents. Similarly, actin forms the contractile ring that is required
for cytokinesis in eukaryotic cells, whereas the tubulin ho-
molog FtsZ is the key player in formation of the cytokinetic
ring that constricts during septal invagination in bacterial cells.
The differences between the functional roles of the eukaryotic
and prokaryotic counterparts are accompanied in several cases
by differences in polymerization properties. For example,
eukaryotic tubulin polymerization in vitro leads to formation of
tubular structures, whereas FtsZ polymerization does not lead
to microtubular structures in vitro or in vivo. Additionally,
tubulin polymers are characterized by dynamic instability associ-
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ated with catastrophic filament disassembly events, requiring con-
trol by specific regulatory proteins in the cell. In contrast, dynamic
instability has not been observed in polymerization of the bacte-
rial tubulin homolog FtsZ but is characteristic of the bacterial
actin homolog ParM.

In these examples there has been a role reversal both in
polymerization dynamics and in biological functions. In many
cases the important shared property of the prokaryotic and
eukaryotic cytoskeletal homologs is limited to the ability to
form polymeric filamentous structures, which in many cases
show dynamic behavior that is regulated by nucleotide binding
and hydrolysis. Beyond that, the organization of the filaments
and their functional roles often differ considerably between
eukaryotic and prokaryotic cells. These differences are presum-
ably determined by differences in the structure of the protein
homologs and in the properties of the host cells. A more
careful analysis of the differences in protein structure between
the bacterial and eukaryotic homologs, rather than concentrat-
ing on their similarities, seems warranted.

Eukaryotic cytoskeletal elements also perform important
roles in intracellular transport or in force-generating events, in
collaboration with motor proteins such as kinesin and dynamin
(for microtubule-associated movement) or myosins (for move-
ments along actin filaments) (4). Similar cytoskeleton-associ-
ated motor proteins have not yet been identified in prokaryotic
cells. However, it is likely that they exist, and we anticipate that
they will prove to play important roles in many of the translo-
cation events discussed in this article.

Membrane-Associated Cytoskeletal Structures

A number of cytoskeletal structures are associated with the
membrane surfaces in both eukaryotic and prokaryotic cells
(for example, the extensive actin-based or spectrin-based sub-
membranous networks of most eukaryotic cells [4] and the
MreB-, MinD-, and FtsZ-based cytoskeletal structures of bac-
terial cells). The filamentous cytoskeletal elements are an-
chored to the membrane in several ways. The primary filamen-
tous cytoskeletal protein may directly interact with the lipid
bilayer via a specialized membrane-binding domain such as the
pleckstrin homology domain of spectrin (150) or the mem-
brane-targeting sequence of MinD (77, 202). In other cases the
membrane anchor is provided by cytoskeleton-associated pro-
teins such as the ankyrin/band 3 membrane anchor of the
spectrin submembranous cytoskeleton (4) or the suggested
MreC membrane anchor of the E. coli MreB cytoskeleton
(107). It is striking, and likely important, that the membrane
anchors often have special affinity for specific lipids. For ex-
ample, many eukaryotic cytoskeletal membrane anchors have
high affinity for phosphoinositides (150), whereas MinD has a
high affinity for acidic phospholipids (203). This could provide
a mechanism to concentrate the initiation sites for polymer-
ization or the cytoskeletal element itself in membrane regions
enriched for the favored phospholipid, such as the poles of E.
coli cells, which are enriched for cardiolipin (141).

One important role of the submembranous cytoskeletal net-
works of eukaryotic cells is to provide a framework for com-
munication between the cell interior and the outside world via
protein complexes that include transmembrane elements, such
as the transmembrane integrin proteins that interact both with

extracellular matrix elements and with actin filaments in the
periphery of the cell (4). In bacterial cells, the MreB/MreC/
PBP transmembrane complex appears to play an analogous
role by connecting the MreBC cytoskeleton to the murein layer
of the cell envelope and regulating its biogenesis. Other sys-
tems of structural intracellular/extracellular communication
systems in bacteria can be expected to emerge.

CONCLUSIONS AND SUMMARY

The advances of the past 5 years have been extraordinary.
Perhaps the most unexpected finding has been the large num-
ber of proteins that are organized into long-range ordered
structures within the cell. However, with only a few exceptions,
such as the ParM/ParF plasmid segregation system and the
MinCDE division site selection system, we know practically
nothing about how the cytoskeletal elements carry out such
fundamental cellular functions as segregation of the chromo-
somes of the cell and most plasmids, constriction of the FtsZ
ring, differentiation of the cell poles, or establishment of cell
polarity, and we know only a bit more about the details of cell
shape determination. In addition, the mechanisms underlying
the surprising plasticity of some of the cytoskeletal structures
are still poorly or not at all understood. This includes the
remodeling of the MreB cytoskeleton during the cell cycle, the
oscillatory behavior and other intracellular rearrangements of
the ParA proteins, and the general reorganization of cytoskel-
etal elements that must occur during and after cell division. An
understanding of these important and intriguing problems in
bacterial cell biology will likely require, in many cases, a more
complete identification of which proteins and protein com-
plexes are associated with each of the primary cytoskeletal
structures. Important information of this type is already
emerging for the MreB/MreC/PBP, MinC/MinD/MinE, and
FtsZ/septasome systems. It is likely, as in eukaryotic systems,
that the integration of this information will reveal more com-
plex cytoskeletal structures than are presently envisioned.
Based on progress to date, we can be very optimistic about the
advances to be expected during the next few years.
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bacterial tubulin BtubA/B: evidence for horizontal gene transfer. Proc.
Natl. Acad. Sci. USA 102:9170–9175.

184. Schwarz, U., A. Asmus, and H. Frank. 1969. Autolytic enzymes and cell
division of Escherichia coli. J. Mol. Biol. 41:419–429.

185. Shapiro, L., H. H. McAdams, and R. Losick. 2002. Generating and exploit-
ing polarity in bacteria. Science 298:1942–1946.

186. Shih, Y.-L., X. Fu, G. F. King, T. Le, and L. I. Rothfield. 2002. Division site
placement in E. coli: mutations that prevent formation of the MinE ring
lead to loss of the normal midcell arrest of growth of polar MinD mem-
brane domains. EMBO J. 21:3347–3357.

187. Shih, Y.-L., T. Le, and L. Rothfield. 2003. Division site selection in Esche-
richia coli involves dynamic redistribution of Min proteins within coiled
structures that extend between the two cell poles. Proc. Natl. Acad. Sci.
USA 100:7865–7870.

188. Shih, Y. L., I. Kawagishi, and L. Rothfield. 2005. The MreB and Min
cytoskeletal-like systems play independent roles in prokaryotic polar dif-
ferentiation. Mol. Microbiol. 58:917–928.

189. Reference deleted.
190. Shiomi, D., M. Yoshimoto, M. Homma, and I. Kawagishi. 2006. Helical

distribution of the bacterial chemoreceptor via colocalization with the Sec
protein translocation machinery. Mol. Microbiol. 60:894–906.

191. Slovak, P. M., G. H. Wadhams, and J. P. Armitage. 2005. Localization of
MreB in Rhodobacter sphaeroides under conditions causing changes in cell
shape and membrane structure. J. Bacteriol. 187:54–64.

192. Sontag, C. A., J. T. Staley, and H. P. Erickson. 2005. In vitro assembly and
GTP hydrolysis by bacterial tubulins BtubA and BtubB. J. Cell Biol. 169:
233–238.

193. Soufo, H. J., and P. L. Graumann. 2003. Actin-like proteins MreB and Mbl
from Bacillus subtilis are required for bipolar positioning of replication
origins. Curr. Biol. 13:1916–1920.

194. Soufo, H. J. D., and P. L. Graumann. 2004. Dynamic movement of actin-
like proteins within bacterial cells. EMBO Rep. 5:789–794.

195. Staley, J. T., H. Bouzek, and C. Jenkins. 2005. Eukaryotic signature pro-
teins of Prosthecobacter dejongeii and Gemmata sp. Wa-1 as revealed by in
silico analysis. FEMS Microbiol. Lett. 243:9–14.

196. Stoker, N. G., J. M. Pratt, and B. G. Spratt. 1983. Identification of the rodA
gene product of Escherichia coli. J. Bacteriol. 155:854–859.

197. Stricker, J., P. Maddox, E. D. Salmon, and H. P. Erickson. 2002. Rapid
assembly dynamics of the Escherichia coli FtsZ-ring demonstrated by fluo-
rescence recovery after photobleaching. Proc. Natl. Acad. Sci. USA 99:
3171–3175.

198. Suefuji, K., R. Valluzzi, and D. RayChaudhuri. 2002. Dynamic assembly of
MinD into filament bundles modulated by ATP, phospholipids, and MinE.
Proc. Natl. Acad. Sci. USA 99:16776–16781.

199. Sun, Q., and W. Margolin. 1998. FtsZ dynamics during the division cycle of
live Escherichia coli cells. J. Bacteriol. 180:2050–2056.

200. Sweitzer, S., and J. Hinshaw. 1998. Dynamin undergoes a GTP-dependent
conformational change causing vesiculation. Cell 93:1021–1029.

201. Szeto, J., N. F. Eng, S. Acharya, M. D. Rigden, and J. A. Dillon. 2005. A

conserved polar region in the cell division site determinant MinD is re-
quired for responding to MinE-induced oscillation but not for localization
within coiled arrays. Res. Microbiol. 156:17–29.

202. Szeto, T., S. Rowland, L. Rothfield, and G. F. King. 2002. Membrane
localization of MinD is mediated by a C-terminal motif that is conserved
across eubacteria, archaea, and chloroplasts. Proc. Natl. Acad. Sci. USA
99:15693–15698.

203. Szeto, T. H., S. Rowland, C. Habrukowich, and G. F. King. 2003. The MinD
membrane targeting sequence is a transplantable lipid-binding helix. J. Biol.
Chem. 279:40050–40056.

204. Taghbalout, A., L. Ma, and L. Rothfield. 2006. Role of MinD-membrane
association in Min protein interactions. J. Bacteriol. 188:2993–3001.

205. Thanedar, S., and W. Margolin. 2004. FtsZ exhibits rapid movement and
oscillation waves in helix-like patterns in Escherichia coli. Curr. Biol. 14:
1167–1173.

206. Tilney, L. G., J. Bryan, D. J. Bush, K. Fujiwara, M. S. Mooseker, D. B.
Murphy, and D. H. Snyder. 1973. Microtubules: evidence for 13 protofila-
ments. J. Cell Biol. 59:267–275.

207. Tinsley, E., and S. A. Khan. 2006. A novel FtsZ-like protein is involved in
replication of the anthrax toxin-encoding pXO1 plasmid in Bacillus anthracis. J.
Bacteriol. 188:2829–2835.

208. Townsend, R., D. B. Archer, and K. A. Plaskitt. 1980. Purification and
preliminary characterization of Spiroplasma fibrils. J. Bacteriol. 142:694–
700.

209. Trachtenberg, S. 1998. Mollicutes—wall-less bacteria with internal cy-
toskeletons. J. Struct. Biol. 124:244–256.

210. Trachtenberg, S., and R. Gilad. 2001. A bacterial linear motor: cellular and
molecular organization of the contractile cytoskeleton of the helical bacte-
rium Spiroplasma melliferum BC3. Mol. Microbiol. 41:827–848.

211. Trusca, D., and D. Bramhill. 2002. Fluorescent assay for polymerization of
purified bacterial FtsZ cell-division protein. Anal. Biochem. 307:322–329.

212. Trusca, D., S. Scott, C. Thompson, and D. Bramhill. 1998. Bacterial SOS
checkpoint protein SulA inhibits polymerization of purified FtsZ cell divi-
sion protein. J. Bacteriol. 180:3946–3953.
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